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ABSTRACT
The objectives of this thesis were to characterize the
kinetics of the acetone/butanol fermentation using Clostridium
acetobutylicum and to examine different methods to improve the
overall performance of this fermentation.
The kinetic relationships between the cell growth, prod-
uct formation and substrate consumption by C. acetobutylicum
were characterized using batch and continuous fermentations.
The growth rate of the microorganism, y, was regulated by the
combined inhibitory effects of acetate, butyrate and butanol.
The specific glucose consumption rate, qs, was proportional to
the specific growth rate, p. The distribution of the products
was regulated by qs. The productions of butanol, acetone and
ethanol were in constant ratios. These products were formed in
favor of butyrate at q less than 11 mmol/g-cell-hr; the reverse
was true for qs exceeding this value. The acetate production
was proportional to qs for all values of qs. The cell density
attainable in the free-cell fermentations was limited by the
product concentration. In the continuous fermentation using
free cells, the maximum cell density attained was 5 g/l which
corresponded to a maximum solvent (acetone and butanol) produc-
tivity of 2.5 g/1-hr.
Activated carbon and corn oil were tested to remove bu-
tanol in situ during batch fermentations. The use of activated
carbon at 50 g/l increased the total production of solvent by
28% compared to the control and was due to the adsorption of
butanol from the broth. The cell growth rate, however, was re-
duced and led to a decrease in the productivity. Extractive
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fermentation to remove butanol was conducted using equal vol-
umes of corn oil and fermentation medium. The aqueous phase
cell density was increased from 3.5 g/l to 5.0 g/l when one
replacement of corn oil was employed. The presence of corn
oil had no adverse effects on the fermentation kinetics. An
increase of 58% of solvent production per aqueous volume was
attained.
To increase the solvent productivity of a continuous
fermentation, the cell density in the fermentor was increased
using growing C. acetobutylicum entrapped in K-carrageenan gel
beads. The cell densities attained in gel beads of 3.8 and 5.0
mm diameters were 80 and 62 g/l, respectively. The continuous
fermentations for both gel bead sizes were conducted in stirred
reactor containinq 50% gel volume. The maximum solvent produc-
tivities of the immobilized cell continuous fermentations
reached 7.5 g/l-hr, corresponding to dilution rates of 0.7
hr-1 or above.
A single reaction-diffusion equation describing the glu-
cose concentration in the gel bead was formulated to include
the intrinsic kinetics of the entrapped cells and the intrapar-
ticle diffusional properties of the gel. The effective metabolic
activities of the entrapped cells were correlated to the pertin-
ent variables including the entrapped cell concentration, the
gel diffusivities, the bead size, and glucose concentrations in
the feed medium and on the surface of the bead. The correlation
was obtained by using numerical methods which include initial
value problem conversion (I.V.P.) method and asymptotic approxi-
mation. The distribution of the metabolic activities within the
gel bead was also analyzed by the I.V.P. method. Mathematical
simulations of the immobilized cell continuous fermentations in-
dicated that only 50% of the measured cell density was active.
Furthermore, the diffusional effects decreased the effectiveness
factor of the active cells to 0.8.
Thesis Supervisor: Dr. Daniel I. C. Wang
Title: Professor of Biochemical Engineering
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1. INTRODUCTION
In recent years, the high price of petroleum has stimulated
interests in developing processes to produce chemicals from al-
ternative raw materials. Many chemicals are end-products of
anaerobic catabolism of fermentable carbon sources including
carbohydrates and cellulose. The renewable nature of these raw
materials has led to a resurgence of interest in anaerobic ferm-
entations. Examples for the chemicals being considered include
ethanol, butanol, acetone, iso-propanol, butan-2,3-diol, acetic
acid, lactic acid, butyric acid and a number of other organic
acids.
The successful revivals of these fermentations depend on
many factors. Among them, the most critical ones are the rela-
tive costs of petroleum and the fermentation raw materials. In
addition, the efficiencies of the fermentation processes would
play an important role when the costs for petroleum and the ferm-
entation raw materials become comparable. It is therefore nec-
essary to approach the problem in a two-pronged fashion. First,
the provision of cheaper raw materials for the fermentation pro-
cess has to be implemented. Second, the efficiencies of the
fermentation processes have to be optimized. This thesis ad-
dresses the latter aspect to improve the anaerobic fermentations.
Most of the anaerobic fermentations that produce the chem-
icals stated above share some common problems. One of the most
severe is the end-product inhibition. The toxicity of the end-
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product, regardless of the mode of action, affects the fermen-
tation process in two ways. First, the inhibitory effects of
the products, through either direct disruption of the cell inte-
grity or by interference of the vital metabolic activities of
the cells, limit the cell growth as well as the product forma-
tion. As a result, the cell concentration and its product
formation rates attainable during a fermentation limit the
volumetric productivity. Second, the low product concentration
due to toxicity severely hampers the product recovery processes.
Thus, to improve the efficiencies of the anaerobic fermentations,
the problems caused by the product inhibition have to be over-
come.
1.1. Choice of Model System
In this thesis study, we have selected acetone-butanol
fermentation as the model system. The selection was made based
on several reasons. First of all, acetone and butanol are used
as feedstocks for the production of a number of chemicals, as
well as being used as solvents in the chemical industry. In the
U.S., acetone demand in 1984 is projected to be 2.75 billion
pounds (Chemical Market Reporter, 1980); and similar projections
put the demand for butanol at near 800 million pounds in 1982
(Chemical Market Reporter, 1978). Due to the large volumes of
these chemicals needed, the revitalization of the fermentation
process for their production appears very attractive.
-21-
The product inhibition problem in anaerobic
fermentations is most noticeable for the acetone-butanol ferm-
entation since the maximum total product concentration attain-
able in the broth is only 2% (w/v) (McGutchan and Hickey,
1954; Beesch, 1952; 1953). The inhibitory effects of butanol
on the butanol productivity in shake flask culture have been
demonstrated (Ryden, 1958). More recently, the toxic effects
of butanol on cell growth and the transportation of sugar was
established for Clostridium acetobutylicum using radioactive
analogs of glucose (Moreira et al., 1981). Thus, the employ-
ment of the acetone-butanol fermentation for the study to over-
come the product inhibition problems in anaerobic fermentations
is quite logical.
The production of acetone and butanol by anaerobic
microorganisms was one of the first fermentations developed for
large-scale industrial operations. The fermentation process
remained as the main route to produce these chemicals until the
1950's when change-over to petroleum-based synthesis became more
economical. This fermentation was studied extensively with re-
spect to the carbohydrate metabolism and the optimization of the
productivity prior to the 1950's. The metabolic pathway of the
acetone-butanol fermentation was well established since the
1950's (Barker, 1956). The optimization of the process produc-
tivity, however, was mostly restricted to the isolation of dif-
ferent strains and the use of different varieties of raw material
(McCutchan and Hickey, 1954; Prescott and Dunn, 1959). The
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kinetic data available then were obtained mostly from studies
using batch fermentations. Establishment of cause and effect
relationships between the pertinent variables using these data
was difficult due to the large number of variables involved and
the dynamic nature of the process. Thus, the acetone-butanol
fermentation was not well understood with respect to the ferm-
entation kinetics. For example, the product inhibition effects,
though recognized, were not quantified in relation to the cell
growth or product formation. Further elucidation of the ferm-
entation kinetics beyond the use of batch fermentations had not
been performed due to the reduced interests in the process as
its industrial significance diminished. In fact, despite the
continual use of the fermentation process to produce acetone and
butanol in some countries other than the U.S., a recent report
(Spivey, 1978) concerning the industrial acetone-butanol produc-
tion in South Africa revealed that little fundamental changes
have been made in this fermentation. In this report, a similar
process to that used some thirty years ago (Beesch, 1953) was
described to be employed industrially in South Africa. Thus,
it can be concluded that the state of art in the acetone-butanol
fermentation has been unchanged for the past thirty years.
In light of the intent to revive this fermentation pro-
cess, an update on the knowledge of acetone-butanol fermentation
is necessary. This constitutes another reason why we selected
this fermentation process to be studied.
-23-
1.2. Overall Objectives
The overall goal of this thesis is to develop and
quantify techniques to improve the productivity of acetone-
butanol fermentation in which product inhibition is the major
limitation. We have restricted the scope of study to engin-
eering techniques which include in situ product removal ferm-
entation to alleviate the inhibitory effects of the products,
and continuous fermentation using immobilized cells to increase
the productivity in the fermentation. To achieve the overall
goal, this thesis was divided into two phases, each with its
own set of sub-objectives.
The objectives of the first phase of the research
were set to characterize the basic fermentation kinetics and
stoichiometry of acetone-butanol fermentation. In pursuit of
these objectives, batch and continuous fermentations using
free cells of the microorganism were used. These objectives
include:
(1) investigate the interrelationships between the
following pertinent variables of the acetone-
butanol fermentations: specific growth rate,
specific product formation rates, specific glu-
cose consumption rate, product yields, product
and substrate concentrations; and
-24-
(2) relate the above relationships mathematically
for the construction of an intrinsic kinetic
model for process evaluation.
The second phase of this thesis was devoted to the
exploration and development of potential engineering concepts
to improve the productivity of the acetone-butanol fermentation.
Of the two concepts studied, immobilized cell fermentation was
found to be more successful in improving the solvent productiv-
ity than through in situ product removal fermentation. There-
fore, the emphasis of the second phase of the fermentation was
placed in the study of the immobilized cell fermentation. The
objectives for the studies of both concepts could be stated sep-
arately as the following:
(A) For the in situ product removal system:
(1) to test and select suitable agents for the
removal of butanol in situ; and,
(2) to examine the influence of the presence of
the butanol removing agent with respect to
the production rates and the product yields
of the fermentation.
(B) For the immobilized cell fermentation:
-25-
(1) to examine the overall performance of the
continuous fermentation using immobilized
cells for acetone and butanol production;
(2) to quantify through mathematical analysis
of the diffusion and reaction of immobil-
ized cell pellet to evaluate the following:
(a) effective metabolic activities of im-
mobilized cells,
(b) distribution of product and substrate
concentrations and the metabolic ac-
tivities in the pellet,
(c) the overall performance of continuous
fermentation using immobilized cells.
-26-
2. LITERATURE SURVEY
2.1. Acetone-Butanol Fermentation
There has been a wealth of literature published re-
garding acetone-butanol fermentation, but primarily before the
1960's. Detailed reviews on this fermentation have been pub-
lished by a number of authors (McCutchan and Hickey, 1954;
Prescott and Dunn, 1959; Ross, 1961; and Walton and Martin,
1979).
The acetone-butanol fermentations are reviewed in
this thesis with respect to the following two aspects: (1)
fermentation kinetics from batch and continuous culture, and
(2) the carbohydrate metabolism of C. acetobutylicum. The in-
formation reviewed are to be used as both a preface and refer-
ence for the results and discussions that follow.
2.1.1. Fermentation Kinetics of Acetone-Butanol
Production
( i) Batch Processes
Studies on the acetone-butanol fermen-
tation were conducted mostly in the period before the estab-
lishment of continuous culture as a tool for kinetics elucida-
tion. Therefore, most of the kinetic information gathered was
derived from results of batch fermentations. A detailed study
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of the acetone-butanol fermentation with respect to the prod-
uct formation kinetics was provided by Peterson and Fred (1932).
The batch fermentation by C. acetobutylicum using a 6% corn
mash medium was studied by monitoring a number of fermentation
variables. These variables included the substrate consumption,
product formation, reducing sugar content, nitrogen content and
morphology of the bacterium. The time profiles of the product
accumulations in the broth are shown in Figure la. The ferm-
entation was characterized by the rapid production of acids in
the early phase of the fermentation. The production of solvents
occurred in a later phase and coincided with the decrease of
acidity in the broth. The pH of the fermentation, not shown
in the Figure, dropped from 6.0 to 4.0 in the initial twelve
hours and remained between 4.2-4.3 for the rest of the fermen-
tation cycle. The combined solvent (acetone and butanol) con-
version yield estimated using the starch content of the corn
mash was about 35% (w/w).
The fermentation patterns of other
types of raw materials were similar to those of the corn mash
fermentation. For example, the fermentation patterns by C.
acetobutylicum using a glucose-yeast autolyzate medium are
shown in Figure lb. These results are taken from the paper
published by Davis and Stephenson (1941). The medium contained
20 g/l of glucose initially. Comparing the corn mash fermenta-
tion (Figure la) to the glucose fermentation (Figure lb), the
major difference observed was the lower pH value reached in
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Figure 1
BATCH FERMENTATIONS BY CLOSTRIDIUM ACETOBUTYLICUM
(a) ON CORN MASH (PETERSON AND FRED, 1932) AND (b)
ON SOLUBLE COMPLEX MEDIUM (DAVIS AND STEPHENSON,
1941)
-29-
Total solvent
-5
C4n
.0 10 - Titratable
acid
Butanol -2.5
5
5 Acetone
C wo
Ethanol
0 -0
0 20 40 60
Time (hours)
(a)
Glucose 
-20
x FpH0. e -.-4 - --
*. AButanol
00c- 0
o2 Butyri acid
c~ Od7/ Acetic acid F U
Acetone 0
0
0 20 40 60
Time (hours)
(b )
-30-
the glucose medium. This is probably due to a lower buffering
capacity of the glucose medium as compared to the corn mash
system. The production of solvents was preceded by the accum-
ulation of acids. The combined solvent yield from glucose was
30% (w/w) at the end of the fermentation.
The other difference between the re-
sults reported by Peterson and Fred versus those reported by
Davis and Stephenson was the solvent ratio at the end of the
fermentation. The acetone to butanol ratio attained at the
end of the corn mash fermentation was about 1 to 2 whereas a
ratio of 1 to 4 was observed in the glucose fermentation. The
difference could have been caused by the different strains
used in these studies. In fact, isolation of different butanol
producing strains was the major means to effect different sol-
vent ratios in the fermentations (Prescott and Dunn, 1959;
Walton and Martin, 1978).
Batch fermentations using other types
of raw materials have also been reported. In addition to the
use of molasses, alternative carbon sources include starch in
industrial scale fermentations (Beesch, 1953), In general,
the patterns of batch fermentations using other materials were
similar to those found for corn mash or glucose as the carbon
source.
From the batch fermentation results,
precise quantification of the kinetics could not be derived due
to the large number of variables involved.
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( ii) Continuous Operations
Most of the continuous acetone-butanol
fermentations were reported in the 1950's and early 1960's. It
was first suspected that continuous propagation of butanol pro-
ducing organisms might be difficult to attain due to the "de-
generative" nature of the microorganism as reported by Kutzenok
and Aschner (1952). The ability of Clostridium butylicum to
produce butanol decreased with increase in butyrate production
after several serial transfers conducted at 24 hour intervals
in a glucose-peptone medium. The degeneration of another
acetone-butanol producing anaerobe, Clostridium saccharoaceto-
butylicum, was found to be absent when continuous culture was
used (Finn and Nowrey, 1959). It was postulated that the en-
vironmental conditions generated by the serial transfers of C.
butylicum in effect provided selection pressure at the initial
phase of the fermentation favoring acid-producing microorgan-
isms due to the low pH.
The application of continuous fermen-
tation of Clostridium acetobutylicum to produce acetone and
butanol was reported by Dyr et al. (1958). The strain used was
found to be stable when tested by using serial transfers at 24
hour intervals in potato-glucose fermentation medium up to 40
times. Continuous culture was conducted using a single-stage
fermentor. However, the product concentrations attained only
at one dilution rate was reported. Multi-stage continuous
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culture was also used to examine the feasibility of separating
the cell growth phase and the solvent production phase. Again,
only results from one residence time were reported for the ex-
periments where three-, four- and five-stage continuous ferm-
entations were employed. Therefore, it was difficult to inter-
pret the results with respect to the fermentation kinetics. In
general, the product concentrations attainable using a total
residence time of 30 hours for the multi-stage continuous
fermentations were comparable to those obtained in batch ferm-
entation. A potato medium supplemented with 4% glucose was used
in these experiments. The yield of solvent products from the
glucose consumed was about 30% (w/w).
Similar studies using a flour mash
were conducted at a semi-industrial scale in the U.S.S.R.
(Yarovenko et al., 1960). Eleven fermentors, each of 3.5 m3
working volume, were operated in series in a continuous mode.
Using overall residence time of 32-64 hours, the fermentation
was conducted for duration of 144 to 264 hours. Butanol and
acetone concentrations reached 11 g/l and 7 g/l, respectively,
in these fermentations. In fact, the productivity of the pilot
plant was reported to increase by 20% and the starch utilization
was reduced by 64.4 kg per ton of solvents (Yarovenko, 1962).
Continuous fermentation by C. aceto-
butylicum using corn mash was also demonstrated by Chiao and
co-workers (1964) using laboratory scale single- and multi-stage
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continuous fermentors. They found that using slop-back stil-
lage, the fermentation could be maintained up to 10 days with-
out noticeable abnormality. The solvent productivity was
found to have increased by 2.3 times over that of batch ferm-
entation. Unfortunately, the fermentation was conducted using
corn mash medium and information on the cell growth was unavail-
able.
The foregoing discussion disclosed
that continuous culture of acetone-butanol fermentations con-
ducted in the 1950's and 1960's were not aimed at the elucida-
tion of the fermentation kinetics. However, in addition to
demonstrating the feasibility of continuous fermentation of C.
acetobutylicum, some interesting results regarding the butanol
resistance of C. acetobutylicum were also reported (Jerusalimskij,
1958; Abdullaeva, 1959). Abdullaeva increased the resistance
of C. acetobutylicum to butanol from 0.8% to 2.0% by increas-
ing gradually the butanol concentration in the medium feed of
a continuous culture. The medium was a 6% sweetened rye mash.
The resistance increase was attained after 200 days of contin-
uous cultivation. The culture resistant to 2% butanol was un-
able to produce solvents without the addition of neutralizing
material such as CaCO 3. The increase in solvent production was
only 10% compared to the unadapted culture. The resistance of
butanol was transmitted through spores to succeeding generations.
Jerusalimskij (1958) reported similar procedures to obtain a
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culture resistant up to 2.5% butanol. However, no information
regarding the butanol productivity of the adapted culture was
reported.
The brief review presented above of
the batch and continuous fermentations for acetone and butanol
fermentation establish the need to examine the kinetics of the
fermentation. The continuous culture of C. acetobutylicum has
been established to be feasible. Therefore the elucidation of
the fermentation kinetics using continuous culture theories de-
veloped since the 1950's is a logical approach to the problem.
2.1.2. Carbohydrate Metabolism of Clostridium ace-
tobutylicum
Information on the acetone/n-butanol fermenta-
tion available in the literature is sufficient to be used for
the construction of a reliable metabolic pathway for Clostridium
acetobutylicum. However, a number of the steps of the pathway
have to be extrapolated from studies conducted on other closely
related clostridia species.
The methods used to elucidate the metabolic
pathway of C. acetobutylicum include substrate and intermedi-
ate utilization studies, radioactive substrate feeding, cell
free extract studies and characterizations of purified enzymes.
The generally accepted major catabolic pathway for C. aceto-
butylicum is summarized in Figure 2. C. acetobutylicum shares
-35-
Figure 2
METABOLISM OF GLUCOSE BY CLOSTRIDIUM ACETOBUTYLICUM
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Embden-Meyerhof pathway (EMP) with other anaerobic organisms
as the major pathway for glucose degradation. The use of the
EMP pathway by most clostridia has been confirmed by studies
using radioactive glucose as substrate (Paege et al., 1956;
Cynkin and Gibbs, 1958). The identification of essential en-
zymes for the EMP pathway in clostridia further confirms
these findings (Bard and Gunsalas, 1950).
The pathway of C. acetobutylicum, however,
differs from the pathways of other organisms by the final fate
of the pyruvate. The pyruvate is converted to acetyl phosphate.
Studies with enzyme preparation from C. butylicum show that py-
ruvate was converted to acetate, carbon dioxide and hydrogen.
The reaction required inorganic phosphate, and acetyl phos-
phate which were detected in the reaction (Koepsell et al.,
1942 and 1944). The exact mechanism for this reaction is not
known. However, studies with other clostridia indicate that
pyruvate is first decarboxylated by a pyruvate decarboxylase
with the formation of an enzyme bound diphosphothiamine (TPP)
adduct (Doelle, 1969). The electrons are then transferred to
ferredoxin. The reduced ferredoxin is reoxidized by hydrogen-
ase and forms molecular hydrogen. This is considered to be
the regulator of the reducing power in the microorganism. The
ferredoxin in the organism serves as the electron carrier and
is linked to other enzymes, such as the oxido-reductase
(Pettidemange et al., 1977).
Acetyl phosphate thus formed is catalyzed to
form acetyl CoA by phosphotransferacetylase. The presence of
-38-
this enzyme has been shown in C. kluyveri (Stadtman et al.,
1951; 1952) and in C. acetobutylicum (Namba and Furusaka,
1968a). Ethanol is formed from acetyl-CoA by actions by two
enzymes, aldehyde dehydrogenase and alcohol dehydrogenase
and both are NAD dependent. The formation of acetic acid
from acetyl phosphate or acetyl-CoA has not been demonstra-
ted in C. acetobutylicum. However, for C. kluyveri the ace-
tate is formed by the transfer of the CoA group from acetyl-
CoA to produce formate (Doelle, 1969).
The key intermediate in the pathway is ace-
toacetyl CoA which is formed by the condensation of two ace-
tyl-CoA molecules. This reaction is activated by the enzyme,
acetoacetyl thiolase. This reaction was first demonstrated
using cell free extract from C. kluyveri (Stadtman et al.,
1951), similar enzymatic activities of thiolase were later
found in C. acetobutylicum (Stern et al., 1956). This reac-
tion is also consistent with the results obtained when radio-
active acetic acid was fed to C. acetobutylicum (Wood et al.,
1945).
Acetone is formed by the decarboxylation of
acetoacetate. The enzyme catalyzing this reaction is aceto-
acetate decarboxylase, which has been isolated and purified
(Davies, 1943; Neece and Fridovich, 1967). The purified en-
zyme does not act on acetoacetyl CoA (Namba and Furusaka, 1968b).
This indicates that the acetoacetyl CoA must donate the CoA
group prior to the decarboxylation. The acceptor of the CoA
group is probably acetate.
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Butyryl-CoA is probably the common inter-
mediate for the formation of butyrate and n-butanol. The
acetoacetyl CoA is first hydrogenated to B-hydroxybutyryl CoA
by a NADH dependent dehydrogenase. Crotonyl CoA is then
formed from 6-hydroxy-butyryl CoA by the action of croton-
ase. This enzyme has been isolated and purified from C. ace-
tobutylicum (Waterson et al., 1972). The butyryl CoA is then
formed from crotonyl CoA. The butyryl CoA can then be con-
verted to butyrate by transferring its CoA group to acetate.
The reversible action of the transferase enables the forma-
tion of butyryl CoA from butyrate. The same enzymes that cata-
lyze the ethanol formation can make butanol from butyryl CoA.
Cell free extract from C. acetobutylicum has been shown to be
able to convert n-butyraldehyde to n-butanol (Pettidemange et
al., 1968).
The constructed pathway is consistent with
experiments reported using radioactive substrate and intermedi-
ates (Wood et al., 1945). This pathway is also consistent with
fermentation studies with respect to the mass ratio of the prod-
ucts and the balance of the electrons.
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2.2. In situ Product Removal during Fermentation
The concept of removing toxic organic compounds in
situ produced by fermentation and using liquid-liquid extrac-
tion has been proposed by Dreyfus (1936). In light of the
inhibitory effects of butanol, Weizmann and co-worker (1948)
studied the adsorption properties of activated carbon and
found that it was capable of adsorbing acetone and butanol.
The desorption of these compounds could be attained by steam
regeneration. The concentration of acetone and butanol in the
solution obtained from the desorption was increased over that
of the fermentation broth. However, the actual use of activa-
ted carbon in the fermentation process was not tested.
The use of activated carbon to remove butanol during
fermentation by C. acetobutylicum was examined by another
group of researchers (Yamasaki and Hongo, 1958). They added
activated carbon at 60 g/l to a C. acetobutylicum culture af-
ter the growth phase. The fermentation was completed in 3
days producing solvents from 120 g/l of sugar at 36% conver-
sion yield.
Adsorption techniques were also applied to the re-
moval of salicylic acid produced in a fermentation (Kitai et
al., 1968). The adsorbent was an ionic resin, Amberlite IRA-
40. In batch fermentation, the production of salicylic acid
was tripled when the resin was added. Dialysis culture has
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been employed to combat the inhibitory effects of salicylic
acid produced by a Pseudomonas culture from napthalene (Abbott
and Gerhardt, 1970). A twenty-fold increase in final salicyl-
ate concentration was obtained and a 2.6-fold increase in pro-
ductivity was achieved when compared to a control fermentation.
Dialysis culture was also applied to a lactic acid fermentation
in which higher cell concentration and productivity of acid
were reported (Friedman and Gaden, 1970). The continuous pro-
duction of lactate from cheese whey has been studied incorpora-
ting the dialysis with continuous culture (Stieber et al., 1977).
The above studies exemplify the dialysis culture as a
feasible technique to improve productivity for certain toxic
metabolites. An operational problem might result in order to
execute this in real processes. For example, the concentration
of the product in the dialysate would be lower than that in the
fermentation. In the case where the toxic material is the de-
sirable product, the recovery would be hampered by the decrease
in concentration.
One of the more attractive processes to overcome end-
product inhibitory effects was the removal of ethanol by vacuum
fermentation (Cysewski and Wilke, 1977). In this process, the
ethanol produced by S. cerevisiae was removed in situ from a
continuous fermentation by lowering the atmospheric pressure
in the fermentor. The ethanol removal process was coupled with
a cell recycle system which increased the cell density to 50
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g/l. The application of the vacuum fermentation increased the
ethanol productivity from 29 g/1-hr for the atmospheric fermen-
tation to 82 g/l-hr.
2.3. Immobilized Cells
2.3.1. Fermentations Using Immobilized Cells
The use of immobilized cells for biochemical
processes offers several advantages. In the case where enzymes
are used, whole cell immobilization eliminates the need to iso-
late and purify the enzymes. More importantly, the immobilized
cells are better suited for the syntheses of products where se-
quential multienzyme reactions are involved. The employment of
immobilized cells can improve the productivities of conventional
fermentation process by maintaining a high cell density to
effect fast reaction rate per unit volume. The retention of
the cells in continuous flow fermentor by immobilization allows
operations at dilution rates above the specific growth rate of
the microorganism. Thus, higher productivities may be realized.
The methods employed to achieve cell immobil-
ization have been discussed by Jack and Zijac (1977). Several
authors (Abbott, 1977; Durand and Navarro, 1978; Messing, 1980)
have reviewed the current status of immobilized cells. Immob-
ilized cells have been successfully applied to single enzyme
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reactions, such as glucose isomerization, amino-acid synthesis,
antibiotic modification and organic acid transformations. The
application of immobilized cells for multi-step syntheses has
not been studied as extensively. The purpose of this portion
of the Literature Survey is to provide an overview on the in-
vestigations of immobilized cell systems for product syntheses
utilizing multi-step reactions of the microorganisms.
The retention of metabolic activities of com-
plex pathways of immobilized cells was observed in many in-
stances when polyacrylamide gel was used to entrap the cells.
Slowinski and Charm (1973) found that Corynebacterium glutam-
icum entrapped in polyacrylamide gel produced glutamic acid
from glucose. The production of glutamic acid of up to 14 mg/ml
in 144 hours was achieved by using 70 mg of immobilized cells.
They also found that the entrapped cells were capable of grow-
ing when the immobilized cells were used in a column reactor
fed with a full medium. The growth of the cells was reported
to be an operational obstacle due to plugging of the column.
Polyacrylamide gel entrapped Brevibacterium
ammoniagenes has been used to produce coenzyme A from panto-
thenic acid which requires five sequential enzymic steps
(Shimizu et al., 1975). The production of coenzyme A by the
immobilized cell also requires ATP and cysteine. The observed
properties of the entrapped cells were altered with respect to
the temperature stability and pH optimal for product formation.
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However, the entrapped cells lost about 50% of the activities
in 5 days of continuous operation.
Karube and co-workers (1976) reported that
immobilized Clostridium butyricum produced hydrogen from glu-
cose continuously for twenty days. The immobilization was
achieved by polyacrylamide gel entrapment. The properties of
the immobilized cells were changed. The deleterious effects
of oxygen on free cells was not observed for the immobilized
cells, and the immobilized cells were more stable against acid.
The production of hydrogen by the immobilized cells was accomp-
anied by the formation of other products including organic
acids in similar amounts as the free cells suggesting the util-
ization of the glycotic pathway in the entrapped cells. How-
ever, the cell growth in the gel was not investigated.
Entrapment of cells using other gels were
found to be suitable for retaining fermentation activities of
a number of microorganisms. The production of ethanol using
immobilized Saccharomyces cerevisae was studied by Kierstan
and Bucke (1977). The cells were entrapped in calcium alginate
gel at concentration about 250 g wet weight per liter gel vol-
ume. The gel with the cell entrapped was formed in beads and
used in a pack column fermentor. The entrapped cells produced
ethanol from a 10% (w/v) glucose solution for over 600 hours.
The concentration of ethanol was below 4% and the correspond-
ing yields of ethanol from glucose varied from 65 to 90% of
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the theoretical value. The half-life of the entrapped cells
with respect to the ethanol productivity was about 10 days.
The entrapped cells were found to be able to propagate when
a full medium was supplied. However, in the ethanol produc-
tion experiment, only glucose was supplied.
The use of calcium alginate entrapped S.
cerevisiae for production of ethanol from glucose have also
been studied by Williams and Munnecke (1981). They have ex-
amined the productivity of ethanol by the immobilized cells as
a function of a number of parameters including pH, bead cell
density, dilution rate. The optimal pH for ethanol produc-
tion by the immobilized yeast cells were found to be broadened
in comparison to the free cells. The concentration of ethanol
attained in this system ranged from 15-60 g/l depending on the
dilution rate. The maximum ethanol productivity was 53.8 g/1-
hr based on the void volume of the column. The actual produc-
tivity was 16.1 g/1-hr if the total working volume of the fer-
mentor was used for the calculation. The growth status of the
entrapped cells was not reported.
More recently, a novel cell immobilization
technique by gel entrapment has been developed. The entrap-
ment was accomplished using a polysaccharide, kappa-carrageenan
(Wada et al., 1979). This technique was unique in comparison
to the other types of gel entrapment methods. The cell immob-
ilization was initiated by mixing a small quantity of active
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cells into K-carrageenan solution. The gelatin of the polymer
was achieved by either exposing the cell-polymer mixture to
potassium ion or by reducing the temperature of the mixture.
This mild immobilization technique retained the viability of
the entrapped cells. The cell density in the polymer gel was
increased by incubating the gel in full medium for the micro-
organism.
This technique has been applied to the pro-
duction of ethanol from glucose using S. cerevisiae (Wada et
al., 1980; 1981). It has also been used for the production of
isoleucine from glucose by Serratia marcescens (Wada et al.,
1980). Continuous operations using the immobilized cells have
increased the productivities of these products due to the in-
crease in cell density in the fermentations.
The difference between the continuous opera-
tion of the immobilized cells using K-carrageenan gel entrap-
ment and the other gel entrapment technique was that full media
were supplied to maintain the viability and productivity of the
entrapped cells. In the studies of the ethanol production,
Wada and co-worker (1980) reported a 10-fold increase of cell
density attainable in the gel over that achieved in the conven-
tional fermentation. The immobilized cells in the form of
pellets were employed in a pack column fermentor and produced
ethanol up to 50 g/l from a medium containing 100 g/l of glu-
cose. The retention time of the medium based on the gel vol-
ume in the column was 1 hour. The productivity was thus about
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50 g/1-hr at conversion yield of 100% of the theoretical value.
The production of ethanol was accompanied by a small production
of cell mass sloughing off from the gel beads. The specific
rate of cell mass production was about 0.004 hr~ based on the
total cell mass in the fermentor. The production of ethanol by
the immobilized cells was stable for over 3 months.
The concentration of ethanol attained using
the same system was further extended to 114 g/l by increasing
gradually the glucose concentration in the feed medium from 10%
to 25% (w/v) (Wada et al., 1981). The retention time used in
this case was 2.6 hr and a productivity of 44 g/1-hr was ob-
tained. The yield of ethanol from glucose was over 95% of the
theoretical value. Similar to the previous report, the produc-
tion of ethanol was accompanied by small amount of cell produc-
tion. Therefore, the relatively high yield of the ethanol
might have resulted from the uncoupling of the cell biosynthe-
sis and energy production of the entrapped cells.
The production of isoleucine by Serratia
marcescens entrapped in K-carrageenan was conducted in a
stirred tank reactor (Wada et al., 1980). In a two-stage con-
tinuous reactor system, using retention time of 10 hours, pro-
duction of isoleucine of up to 4.5 mg/ml was achieved for over
30 days. The authors believed that because of the oxygen-
limitation due to intraparticle diffusion, cell concentration
attainable in the gel was similar to that in the broth of free-
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cell fermentations. The cell growth from the immobilized cell
fermentation was not reported, thus the relationship between
the cell growth and product formation was unavailable.
The brief discussions on the fermentation
results using K-carrageenan entrapped cells served two purposes.
First, the applicability of K-carrageenan entrapment technique
for cell immobilization aiming at applications for multi-step
syntheses was demonstrated. Second, the discussion revealed
several of the interesting aspects of the immobilized cell
kinetics and they are:
(1) relationships between growth of the en-
trapped cells and product formation,
(2) product inhibition effects such as those
exerted by high concentration of ethanol on the entrapped cells,
(3) intraparticle mass transfer effects on
the metabolic activities of the entrapped cells, for example,
the supply of oxygen to the entrapped aerobic microorganisms.
Therefore, a part of this thesis was devoted
to the study of the above aspects of the immobilized cell sys-
tem using acetone-butanol fermentation as a model system.
2.3.2. Intraparticle Diffusion Analyses for Immob-
ilized Cells
There have been little information on the
theoretical analyses of immobilized cell fermentation regard-
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ing the effects of intraparticle diffusion. Since the treat-
ment of the immobilized cell system would be generally similar
to those for immobilized enzyme pellets, some of the theoreti-
cal analyses on the latter are reviewed.
The formulation of the mathematical descrip-
tion of immobilized enzyme kinetics is derived from the studies
on heterogeneous catalysis using porous catalysts. The effects
of intraparticle diffusion on the overall reactivities of por-
ous catalysts have been studied extensively since the 1930's.
Excellent summaries of the works relating to this topic have
been provided in the books by Satterfield (1970) and Aris (1975).
The theoretical treatments of immobilized en-
zyme kinetics were performed mostly for single reaction kine-
tics. The basic equation describing the reaction and diffusion
of the substrate for spherical catalyst is a second order dif-
ferential equation subjected to two boundary conditions. In the
analyses of immobilized enzyme kinetics, the intrinsic kinetics
of the enzyme is usually assumed to be of zero order or repre-
sentable by Michaelis-Menten kinetics. The use of Michaelis-
Menten kinetics in the diffusion-reaction equation transformed
the differential equation to a nonlinear equation. The solu-
tion of the equation is obtained by numerical methods. In
fact, the mathematical treatment of the same equation has
been studied in porous catalyst for Langmuir-Hinshelwood kin-
etics by several researchers (Bi.schoff, 1965; Roberts and
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Satterfield, 1965). However, the immobilized enzyme applica-
tions have stimulated a number of studies either extending the
studies to modified forms of the Michaelis-Menten kinetics and
the inclusion of external mass transfer effects or exploration
of different numerical methodologies.
The work by Moo-Young and Kobayashi (1972)
could be catagorized into the first group. They examined the
immobilized enzyme kinetics using Michaelis-Menten kinetics and
modified forms of the expression to include the effects of prod-
uct inhibition and substrate inhibition. The solutions to the
diffusion-reaction equation were obtained by using a double
integration technique which was applicable to slab geometry.
A generalized modulus as defined by Bischoff (1965) was used
to correlate the effectiveness factor of the immobilized enzyme
to the pertinent variables including the enzyme concentration,
geometry factors and the kinetic parameters. In the case of
substrate inhibition kinetics, multiple steady states were pre-
dicted by the kinetic analyses. Also, a general approximation
between effectiveness factor and the generalized modulus was
obtained in this study. The resulting expression was applied
to analyze the oxygen transfer in mold pellet in a separate
study (Kobayashi et al., 1973). The distribution of mold age
and adaptation within the pellet was also examined.
A linear transformation procedure was pro-
posed by Na and Na (1970) to solve the diffusion-reaction equa-
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tion involving the Michaelis-Menten kinetic expression. The
transformation was performed for the variables as well as the
kinetic parameters such that the solution of the equation as
an initial value problem would reveal the values of introduced
transformation parameters and thus the solution to the bound-
ary value problem. This method has been applied by Fink and
co-workers (1973) to obtain solution for the relationship be-
tween the effectiveness factor and a modified Thiele modulus.
Wadiak and Carbonell (1975) extended the investigation using
the same method to include the external mass transfer effects
as well as the inhibitory effects of the substrate and prod-
ucts. The kinetic expression which was a modification of the
Michaelis-Menten kinetics was similar to the one used by Moo-
Young and Kobayashi (1972).
However, the method developed by Na and Na
(1970) was not suitable for complicated kinetic expressions
involving several parameters. The solutions of the equation
corresponding to the precise values of the parameters have to
be obtained by trial and error. For a single parametric ex-
pression, the trial and error procedure is relatively straight
forward. For expressions involving several parameters, such
as that in the product and substrate inhibitory kinetic ex-
pressions, there was no logical algorithm useable to provide
solutions for the desirable parametric values.
The solutions of the diffusion-reaction equa-
tions including external mass transfer and nutrient partition
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effects were obtained by Yamane and co-workers (1981). In-
variant imbedding method was used to obtain the solution. In
fact, the incorporation of the partition coefficient into the
model is only a special case for immobilized-enzyme kinetics
subjecting to external mass transfer control.
The analyses of the immobilized enzyme kin-
etics concentrated mostly in single reaction. There exists
only a few investigations examining the immobilized enzyme
kinetics of multi-step reactions. A two-step reaction kinetics
was examined by Krishna and Ramachandran (1975) by assuming the
intrinsic kinetics to be of first order. The investigation was
further extended using Michaelis-Menten kinetic expressions
for the reactions (Ramachandran et al., 1976). The product in-
hibition effects and the external mass transfer effects were
considered as well. In both studies, an orthogonal colloca-
tion method developed by Villadsen and Stewart (1967) was em-
ployed to obtain numerical solutions to the resulting equations.
The above discussion revealed the diversity
of the numerical methods used to obtain solutions for immobil-
ized enzyme kinetics. The diversity reflects the difficulties
involved in the provision of the solutions when the kinetic ex-
pression was altered slightly. It can be projected from this
brief review that the analyses of rate expressions evolved from
the fermentation kinetics would be more difficult. Theories and
practical numerical methods to solve complicated two-point
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boundary value problems are being developed. Comprehensive
reviews of the current status in this area of mathematics have
been reviewed by Keller (1976) and Fox (1978).
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3. MATERIALS AND METHODS
3.1. Organism
Clostridium acetobutylicum ATCC 824 was obtained from
the American Type Culture Collection (Rockville, MD) and used
in this thesis.
3.2. Media
Two types of media were used in this study. A corn
mash medium was used to activate the spore culture, as well as
for the maintenance of the culture. A soluble complex medium
was used for the fermentation studies by C. acetobutylicum
throughout this study.
Unbleached corn meal obtained from local food stores
was used to prepare the corn mash medium. The corn mash was
prepared by boiling 5% (w/v) corn meal in distilled water for
one hour. The mash was dispensed into Hungate tubes in 10 ml
portions. The medium was steam-sterilized at 121*C (15 psig)
for 10 minutes.
The complex soluble medium was prepared using dis-
tilled water along with salts, yeast extract (Difco Laboratory,
Detroit, MI), asparagine monohydrate, cysteine (Sigma Chemical
Co., St. Louis, MO), resazurin (Eastman Kodak Co., Rochester,
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NY), antifoam P-2000 (Dow Chemical Co., Midland, MI) and glu-
cose. Cerelose (CPC International, Chicago, IL) was used in
place of glucose in some experiments. Yeast extract was the
major nitrogen and vitamin source in the medium. Asparagine
was used to stimulate butanol production (Tatum et al., 1935).
Cysteine was added as the reducing agent and resazurin was the
redox-potential indicator. The medium was considered to be in
the reduced state when the color or resazurin turned from pink
to colorless. The concentrations of the ingredients in the
complex medium varied depending on the purpose of the experi-
ment. The compositions of the different media are shown in
Table 1. Media 2 and 4 were used in free cell continuous
culture fermentation studies, while only Media 3 and 4 were
used in immobilized cell fermentations. Only Medium 1 was used
in Hungate tube fermentations and Medium 4 was used in batch
culture kinetic studies. Except for medium prepared in the
Hungate tubes, a basal medium and a glucose solution were pre-
pared. The basal medium contained all the ingredients except
glucose. The two solutions were mixed after sterilization and
cooling. The details of the preparation methods are described
where the descriptions of the vessels used to house these media
are presented.
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Table 1
COMPOSITIONS OF THE COMPLEX SOLUBLE MEDIA USED IN
THE STUDY OF ACETONE-BUTANOL FERMENTATION
BY C. ACETOBUTYLICUM ATCC 824
Concentration (g1l)
Compound Medium 1 Medium 2 Medium 3 Medium 4
KH 2PO 4
K 2HPO 4
FeSO 4 7H 20
MnSO 4 * 3H20
MgSO 
4
NaCl
Asparagine
Monohydrate
Cysteine
Yeast Extract
Resazurin
P-2000
Glucose
0.75
0.75
0.01
0.01
0.2
1.0
0.5
0.5
5.0
0.003
100 ppm
1.5
1.5
0.02
0.02
0.4
1.0
0.5
0.5
10.0
0.003
100 ppm
1.5
1.5
0.02
0.02
0.4
1.0
0.5
0.5
15.0
0.003
100 ppm
1.5
1.5
0.02
0.02
0.4
1.0
0.5
0.5
15.0
0.003
100 ppm
30.0
a For an 18-liter batch of medium, cerelose was used in place of glucose.
The amounts of cerelose used were 1.11 x the values shown.
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3.3. Fermentation Apparatus and Medium Preparation
3.3.1. Hungate Tube
Hungate tubes (Bellco Glass Co., Vineland,
NJ) were used for culture maintenance and storage, spore ac-
tivation and some batch fermentations. A schematic diagram
of the Hungate tube is presented in Figure 3. The tube, 15
x 150 mm in size, has a screw-threaded top that could be sealed
with a butyl-rubber stopper fastened down with a plastic open
screw cap. The rubber stopper provides a tight seal, and hy-
podermic needles could be inserted through it for inoculation
and sample removals.
When the medium was prepared in the Hungate
tubes, the glucose was sterilized along with the other compo-
nents. Usually, large volume of the medium was prepared and
10 or 5 ml portions of the medium were dispensed into the Hun-
gate tubes. Nitrogen was used to flush the headspace of the
tubes individually prior to sealing. Sterilization was
achieved with steam at 121*C (15 psig) for 10 minutes.
3.3.2. Anaerobic Flask
In addition to the Hungate tubes used for in-
oculum preparation, anaerobic flasks were also used when large
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Figure 3
HUNGATE TUBE USED FOR ANAEROBIC FERMENTATION
OF C. ACETOBUTYLICUM
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quantities of inoculum were required. The anaerobic flasks
were constructed from 500 ml Erlenmyer flasks (Daniels and
Zeikus, 1975). The modification was done by a glass blower
at M.I.T. A view of the anaerobic flask is shown in Figure
4. The flask was equipped with a sparge tube, a gas trap,
a sample port and a side arm. The sparge tube was connected
to a 7 cm length of tubing filled with glass wool which served
as a gas filter. The sample port was covered with a rubber
serum stopper, through which the medium was inoculated and
samples were withdrawn. The gas trap was filled with a 0.05%
cysteine solution through which gas formed during a fermenta-
tion was allowed to escape. The size of the side arm was such
that optical density of the culture could be monitored using a
colorimeter.
Usually, 200 ml of medium was prepared in
this flask. This was achieved by sterilizing 120 ml of basal
medium in the anaerobic flask and 80 ml of glucose solution in
a separate flask. The glucose solution was added to the anaero-
bic flask through the sample port after both solutions were
cooled. The medium was sparged with nitrogen prior to inocula-
tion until it was reduced.
3.3.3. Medium Reservoir
For continuous culture fermentations, media
were prepared in 18 liter bottles. A 20-liter pyrex carboy
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Figure 4
ANAEROBIC FLASK EQUIPPED FOR INOCULUM PREPARATION
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was used to house the medium. In order to maintain the re-
duced state of the medium during the experiment and to mini-
mize the possibility of contamination during medium prepara-
tion, a special arrangement of the medium reservoir was nec-
essary (Figure 5). The rubber stopper of the reservoir was
equipped with lines for nitrogen sparge, nitrogen exit, glu-
cose solution feed and medium exit. Both of the gas lines
were connected to glass wool filled drying tubes (20 x 100 mm)
serving as air-filters. Silicone tubing was used to connect
the glucose feed line to a 10-liter bottle which was used to
hold the glucose solution during sterilization. The medium
feed line was extended to the bottom of the reservoir.
The 18 liter batch of medium was prepared by
sterilizing 11 liters of basal medium in the medium reservoir
and 7 liters of glucose solution in the 10 liter bottle. The
line between the two vessels was clamped during sterilization.
After cooling, the clamp was released and the glucose solution
was fed into the reservoir by gravitational flow. The com-
plete medium was reduced by sparging nitrogen through the
reservoir. A continuous flow of nitrogen was maintained
throughout the course of the experiment.
A connector was installed at the leading end
of the medium exit line of the medium reservoir. The connec-
tor was made with a 2 inch stainless steel tube having 3/8 inch
internal diameter. This connector could be fitted snugly over
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Figure 5
SCHEMATIC OF MEDIUM RESERVOIR
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another stainless steel tube, 2-1/2 x 3/8 inch O.D., which was
connected to the medium feed line leading from the fermentor.
Aseptic condition was achieved by flaming both tubes before
they were coupled. The assembly of the two connectors is shown
in detail in Figure 6. This device enabled long periods of op-
eration for continuous culture.
3.3.4. Fermentors
3.3.4.1. Five-Liter Fermentor
A five-liter fermentor was used to
study the free cell fermentation kinetics of C. acetobutylicum.
Batch and continuous fermentations were conducted using the
same fermentor. The initial working volume for batch fermen-
tations was 3 liters, and a constant volume of 1.6 liters was
used for continuous culture study.
The fermentor and the auxiliary
equipment were mounted on an unistrut frame. The fermentor
was connected using a 5-liter fermentor vessel from New Bruns-
wick Scientific Co. (New Brunswick, NJ). The vessel was rested
on a bottom metal plate with four long bolts (40 cm) affixed
vertically around the vessel. The stainless steel head-plate
was fastened onto the vessel through these four bolts. A rub-
ber gasket was used to form a tight seal between the plate and
the mouth of the vessel.
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Figure 6
SCHEMATIC OF CONNECTOR USED FOR LINKING THE
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A stainless steel shaft-housing
containing oil seals and bearings was press-fitted into a
hole bored through the center of the headplate. A 3/8" stain-
less steel rod mounted with a 6-blade impeller (diameter, 60
mm) was used as the agitator, and it was fitted into the shaft-
housing. The agitator was coupled to a 1/8 hp variable speed
motor located atop the fermentor. Additional holes were bored
on the headplate for "Swagelok" tube fittings (Crawford Fitting
Co., Solon, OH) allowing the installations of the following:
(1) medium feed line, (2) medium exit line, (3) base addition
line, (4) gas sparger, (5) gas exit line, (6) immersion coil
loop, (7) thermometer well, (8) sampling port, (9) liquid lev-
el probe, and (10) pH electrode. A perspective drawing of the
unassembled fermentor vessel is shown in Figure 7.
Stainless steel fittings and tubes
were used for structures inside the fermentor. Glass and sil-
icone tubings were used to connect the medium reservoir, base
reservoir and the medium overflow receptor to the fermentor.
Air-filters constructed from 20 x 100 mm drying tubes were
filled with glass-wool and were connected to the outer ends of
the nitrogen sparger and the gas exit. A stainless-steel cover
was fastened onto the sampling port by a clamp which was
attached to the cover. The mouth of the sampling port was
lined with a rubber "0" ring providing a tight seal. The diam-
eter of the port was 3/4", which was large enough to accommo-
-70-
Figure 7
UNASSEMBLED 5-LITER FERMENTOR VESSEL AND
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date a pipet for rapid liquid removal. Liquid addition into
the fermentor was made through this port.
The temperature of the fermenta-
tion broth was controlled by a temperature regulator, model
71, from Yellow Spring Instrument Co. (Yellow Spring, OH).
Temperature was monitored by a thermistor in the thermometer
well. Flow of either cold or hot water through the immersion
coil located inside the fermentor was automatically adjusted
to maintain the desired fermentation temperature.
The pH of the fermentation was mon-
itored using an Ingold (Lexington, MA) pH electrode. The pH
signal was sent to an automatic titrator which was built by
the electronic laboratory of the Nutrition and Food Science
Department at M.I.T. A peristaltic pump (Cole-Parmer Instru-
ment Co., Chicago, IL) connected between a reservoir of base
solution, 4 N NaOH, and the fermentor was activated by the ti-
trator when the pH fell below a set value. The frequency and
the duration of the base pump activation were adjusted auto-
matically and proportionally to the difference between the ac-
tual pH and the set point. Also, the gain in the control loop
was adjustable by the operator. Values of within + 0.05 units
of the desired pH were achievable under fermentation conditions.
In continuous culture fermentations
using free and entrapped C. acetobutylicum, soluble media were
fed continuously into the fermentors from the medium reservoir
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using peristaltic pumps. Two pumps, model 6-2100, manufac-
tured by Buchler Instruments, Inc. (St. Fort Lee, NJ) were
used. The performance of these pumps was similar. They were
driven by variable speed motors. Medium feed rates ranging
from 10 to 3000 ml/hr were obtained when tubings of sizes
varying from 1/16 to 1/4 inch were used.
An electronic level controller de-
signed and built by the electronic laboratory of the Nutrition
and Food Science Department of M.I.T. was used to maintain a
constant volume inside the fermentor during a continuous cul-
ture experiment. Fermentation broth was withdrawn through the
medium exit line by a Masterflex peristaltic pump (Cole-Palmer
Instrument Co.). The lower end of the medium exit line was
situated below the liquid surface such that liquid represen-
tative of the bulk of the fermentation was removed. A two-
kilo-ohm glass bead thermistor (Fenwal Electronics, Framingham,
MA) inserted inside the fermentor was used as a liquid level
probe. When the rising liquid level contacted the heated
thermistor wired to the level controller, the liquid exit pump
was activated. The duration of the activation of the exit
pump and the flow rate of the exit liquid were adjusted such
that the liquid volume was maintained to within + 1% of the
desired value. A time-delay feature was incorporated into the
controller such that noise caused by liquid splashing on the
probe was ignored. The liquid exit pump could be activated
manually during batch fermentations when sampling was required.
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3.3.4.2. One-Liter Fermentors
For immobilized cell fermentations,
two identical 1-liter fermentors were used. Usually, a contin-
uous culture of the free cells was maintained in one of the
fermentors to provide inocula for the immobilized cell experi-
ments. The second fermentor was used for the immobilized cell
fermentations.
In general, the assemblies of the
1-liter and the 5-liter fermentors were similar. The major
differences between these two fermentors are: the construction
materials of the headplates, the agitation systems, and the
temperature controlling systems. The headplate for the 1-liter
fermentor was made out of 1/2 inch thick Teflon plate. Agita-
tion was achieved using a Teflon-coated magnetic bar coupled
with a magnetic stirrer placed beneath the fermentor vessel.
The one-liter fermentors were placed in a water bath and the
temperature of the water bath was regulated by a circulator
(Haake, Inc., Saddle Brook, NJ).
Similar to the headplate of the 5-
liter fermentor described above, "Swagelok" tube fittings were
used on the Teflon headplates of the 1-liter fermentors. Com-
pared to the 5-liter fermentor headplate, all the installa-
tions, except for the immersion coil loop, were equipped in
the Teflon plate of the 1-liter fermentor. The sample port on
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the 1-liter fermentor was a 3/4 inch fitting covered with a
closed nut.
A 1-liter Berzelius beaker was
used as the fermentor vessel. The headplate was fastened to
the vessel by six 2 inch bolts attaching to a Lexan retaining
collar. The retaining collar fitted snugly under the lip of
the beaker. A rubber gasket was placed between the beaker
and the retaining collar to protect the beaker from breakage
when the headplate was fastened. Another rubber gasket was
used between the headplate and the beaker to form a tight seal.
The detail of the fermentor without the headplate plumbings is
shown in Figure 8.
The liquid volume within the reac-
tor was controlled by the level controller described previ-
ously. The extension length of the liquid level probe into
the fermentor was variable thus allowing the working volume
of the fermentor to be changed according to the need of the
experiment. Usually, working volumes of 350 to 400 ml were
used for most of the continuous fermentations.
In the 1-liter fermentor used for
the immobilized cell experiments, the submerged end of the
medium exit line was fitted with a stainless steel spring.
The open end of the spring was tapered. This spring was in-
stalled to screen out the immobilized cell pellets which would
plug up the liquid exit line.
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Figure 8
UNASSEMBLED 1-LITER FERMENTOR VESSEL AND
THE TEFLON HEADPLATE
-77-
2" BOLT
WASHER _oop
RUBBER
O-RING
NUT -M--
MAGNETIC -
STIR BAR
TEFLON
HEADPLATE
RUBBER
GASKET
RETAI NING
COLLAR
ONE-LITER
BEAKER
-78-
3.3.4.3. Medium Preparations for Fermentors
In preparing 3 liters of soluble
medium in the 5-liter fermentor, 1.8 liters of basal medium was
placed in the assembled fermentor and 1.2 liters of the glucose
solution was prepared separately in an Erlenmyer flask. The
fermentor and the glucose solution were autoclaved for 30 mins
at 121*C (15 psig). After the two solutions were cooled, the
glucose solution was added into the fermentor through the sam-
ple port. The medium was sparged with nitrogen until it was
reduced.
At the beginning of a continuous
culture fermentation conducted in a 1-liter or a 5-liter fer-
mentor, reduced medium prepared in the medium reservoir was
charged into the sterilized fermentor through the medium feed
line using the medium feed pump. Nitrogen was sparged into the
fermentor during the medium filling period to preserve the re-
duced state of the medium.
3.4. Fermentation Techniques
3.4.1. Growth Conditions and Inoculum Preparation
Clostridiumacetobutylicum was grown under
anaerobic conditions. The fermentations were conducted at
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370C. The initial pH values of all media were about 6.5. For
fermentations conducted in Hungate tubes and anaerobic flasks,
the pH was not controlled during the course of the experiment.
However, in tank fermentations the pH was controlled automatic-
ally at about 5.0 using 4.0 N NaOH as titrant. In experiments
conducted using the fermentors, the culture was sparged with
nitrogen after inoculation until the production of gaseous
products by the growing culture was sufficient to maintain
anaerobiosis in the fermentor.
Inocula used for batch and continuous ferm-
entations were prepared from spore culture in corn mash medium
stored at 4*C. An aliquot of the spore culture, about 1.5 ml
was transferred into a fresh tube of corn mash using a sterile
Pasteur pipet. The inoculated culture was heat-shocked by plac-
ing the corn mash tube in boiling water for one minute. The
culture was incubated at 374C until growth was observed; this
usually occurred after 2 to 3 days of incubation. Then, 0.5
ml of the corn mash was transferred to 10 ml of soluble medium
in a Hungate tube. The culture growing in the soluble medium,
8 to 12 hours after inoculation, was used as inocula for experi-
ments using Hungate tubes, anaerobic flasks or the 1-liter
fermentor. For experiments using the 5-liter fermentor, 150
ml of inoculum was required each time. This was prepared by
propagating the culture from the Hungate tube in 200 ml soluble
medium in an anaerobic flask for 12 hours.
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3.4.2. Spore Culture Preparation
Extra tubes of corn mash medium were inocu-
lated during each spore activation. These corn mash culture
tubes were incubated at 37*C for 7 days until the fermentations
in the tubes were completed and spores were formed. The spore
cultures were then stored in the spent corn mash medium at 4*C
for future use.
3.4.3. Fermentations Using Hungate Tubes and Anaer-
obic Flasks
Inoculations of media in Hungate tubes and
anaerobic flasks were performed using serological syringes with
hypodermic needles through the rubber stoppers of these vessels.
Additions of liquid or sample removals from these fermentation
containers were achieved in the same manner. In this fashion,
the reduced states within the vessels were preserved. The fol-
lowing experiments were conducted using Hungate tubes:
( i) Batch Fermentation in Corn Mash Medium
A series of corn mash medium tubes
were each inoculated with 0.5 ml of a growing culture activ-
ated from spores in a corn mash medium. At different time in-
tervals, one of the corn mash tubes was harvested for product
analysis.
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ii) Product Inhibitory Effects on C. ace-
tobutyl icum
Four series of Hungate tubes with 10
ml soluble medium per tube were used to study the growth in-
hibitory effect of butanol, acetone, ethanol and butyric acid
separately. After the soluble medium tubes were sterilized,
increasing amounts of each compound were added to the respec-
tive series of tubes with serological syringes. Each Hungate
tube was then inoculated with 0.2 ml inoculum grown in soluble
medium. The initial growth rate of the culture in each tube
was monitored by measuring the optical density of the tube
every 30 minutes.
(iii) Biocompatibility Test for Butanol Re-
moving Agents
Liquid solvents and solid adsorbents
were tested for in situ removal of butanol during fermentation.
Hungate tubes containing 8 ml of medium were inoculated with
0.5 ml of growing culture. For solvent tests, two ml of the
test solvent was added to one of these Hungate tubes with a
syringe. However, for solid adsorbents, the caps of the Hun-
gate tubes were opened and two grams of each test solid
in granular form was added into each tube. These tubes were
flushed with nitrogen and resealed. The mixtures were incu-
bated at 37*C for two days. Positive growth of each culture
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was determined by observation of gas evolution from the ferm-
entation medium. Also, the change in pH in the fermentation
broth of each tube was measured at the end of the incuba-
tion period. This was used to confirm the growth of the cul-
ture.
3.4.4. Batch Fermentations in the 5-Liter Fermentors
To initiate a batch fermentation in the 5-
liter fermentor, 150 ml of growing inoculum prepared in an
anaerobic flask was added into 3 liter of reduced medium in
the fermentor. A positive pressure of nitrogen was maintained
in the fermentor when the inoculum was introduced through the
sample port. This allowed the culture to be protected from
excessive exposure to oxygen. During the course of the ferm-
entation, samples were removed from the fermentor through the
medium exit line by manually activating the liquid exit pump.
The following batch culture experiments were performed using
the 5-liter fermentor:
( i) Growth Inhibitory Effects of Acetic
Acid on C. acetobutylicum
The initial growth rates of C. aceto-
butylicum at a pH of 5.0 at different concentrations of exog-
enous acetate-acetic acid were measured. The measurement was
obtained by initially growing the culture at pH 5.0 without
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addition of acetate-acetic acid to the medium. When the cul-
ture started to grow, as monitored by optical density deter-
minations of the fermentation broth, a pre-determined quantity
of sodium acetate solution (pH 5.0) was added into the fermen-
tor. The initial growth rate immediately after the addition
of acetate-acetic acid was measured from the change of culture
turbidity. The concentrations of total exogenous acetic acid
along the course of the fermentation were monitored.
( ii) Extractive Fermentation Using Corn Oil
One and a half liters of Medium 3 was
sterilized in the 5-liter fermentor. Corn oil (Mazola brand,
Best Foods, Englewood Cliffs, NJ) was obtained from local food
stores. Equal volume of corn oil was added to the medium in
the fermentor. The mixture was inoculated with 75 ml of grow-
ing culture. Agitation of the fermentor was maintained at about
500 rpm. Samples were withdrawn through the medium exit line
at time intervals. These samples were placed on ice until the
oil and aqueous solution separated into distinct phases. The
oil phase was removed by using a Pasteur pipet. It was extrac-
ted with equal volume of distilled water to determine the bu-
tanol content. From the aqueous phase, the cell density was
determined by optical measurement. The supernatants of the
centrifuged aqueous samples were frozen for subsequent product
and substrate analyses. During the course of the fermentation,
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corn oil in the fermentor was partially replaced two times.
This was accomplished by interrupting the agitation of the
fermentor to effect phase separation within the fermentor.
Part of the corn oil was withdrawn from the fermentor and
fresh corn oil was added to make up the original volume. At
the same time of these replacements, concentrated glucose and
yeast extract solutions were added into the fermentor.
(iii) Adsorptive Fermentation Using Activ-
ated Carbon
Dry "Darco" activated carbon (MCB
Reagents, Gibbstown, NJ), 4/12 mesh, was heated in a 240*C
oven for 24 hours for sterilization. One hundred and twenty-
five grams of the sterilized activated carbon were added to
the 5-liter fermentor containing 2.5 liters of Medium 4
(yeast extract, 15 g/l; glucose, 100 g/l). The mixture was
inoculated with 125 ml of growing culture. The agitator was
maintained at 150 rpm to provide sufficient mixing for the
suspension of the activated carbon granules. At regular time
intervals, 5 ml aliquots of the aqueous phase were sampled.
The samples were centrifuged to remove the cells and the ac-
tivated carbon fines. The supernatants were frozen for resid-
ual glucose and product analyses.
Additional glucose and yeast extract
were added during the course of the fermentation. At the end
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of the fermentation, the activated carbon was recovered by drain-
ing off all the aqueous broth. The recovered activated carbon
was divided roughly into two parts which were processed in the
same way. Each portion was placed into a pyrex test tube, 35
x 200 mm. The stopper of the test tube was connected with a
gas inlet line reaching the bottom of the tube. Electric heat-
ing tape was wrapped around on the outside of the test tube
such that the contents inside the tube were heated evenly. The
activated carbon was heated at 160 0C for 3 hours. During the
heating process, nitrogen serving as a carrier gas was used to
purge the evaporated products through the gas outlet line. The
gas outlet line was connected to two U-shaped gas traps arranged
in series. The gas traps were immersed in an ice bath to con-
dense the recovered products. The total volume of the conden-
sate and its product content were determined for the evaluation
of total amounts of product recovered from the activated carbon.
3.4.5. Continuous Culture Fermentations
The complete assembly of the continuous cul-
ture apparatus is shown in Figure 9. Continuous culture ferm-
entations conducted in the 5-liter fermentor were initiated
from batch cultures. Usually, 1.6 liters of medium was inocu-
lated with 30 ml of growing culture. The culture was allowed
to grow in a batch fashion until it reached the exponential
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phase. Then, the medium feed pump and the level controller
were activated. The medium feed rate was set according to
the dilution rate requirement of the experiment. During each
dilution rate operation, samples were taken at about every 1/4
or 1/2 volume of medium flow through. The samples were collec-
ted on ice at the effluent line. For each sample, the optical
density was measured and the supernatant obtained after cen-
trifugation of the fermentation broth was stored frozen for
subsequent analyses. Steady state of the continuous culture
was assumed when at least 4 to 5 fermentor volumes of medium
were fed and the cell density measurements of consecutive sam-
ples agreed with one another to within + 5%. In some cases,
when a steady state was reached, 80 ml of effluent was collec-
ted for dry cell weight measurements.
In addition to the steady state fermentation
kinetic study, continuous culture of C. acetobutylicum was
also employed to examine the inhibitory effects of exogenous
butanol on the organism. Two experiments were performed. The
first involved the addition of butanol into the feed reservoir
so that a medium containing 3.6 g/l of butanol was continuously
fed into the fermentor. This step-up experiment was conducted
using a steady-state culture growing at a dilution rate of
0.05 hr~ . Medium 2 which contained 50 g/l of glucose was
used. The response of the culture was monitored by measuring
the cell growth, substrate utilization and product formation
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by the microorganism after the step-up change in butanol. The
second experiment was a pulse experiment in which butanol was
added directly into the fermentor of a steady state culture.
The dilution rate of the culture was 0.10 hr- 1. An equivalent
of 6 g/l of butanol was pulsed into the fermentor. The re-
sponse of the culture was similarly monitored.
3.4.6. Immobilized Cell Fermentations
3.4.6.1. Immobilized Cell Bead Preparation
Kappa-carrageenan was supplied by
Mr. J. T. Whitt of the Marine Colloid Division of FMC (Spring-
field, NJ). Type NJAL 515 was used in our studies. A 3% (w/v)
gel solution was prepared by dissolving the polysaccharide in
an appropriate volume of saline solution. The saline solution
contained 0.05% (w/v) sodium thioglycollate as reducing agent
and 0.3 mg/l resazurin as redox state indicator. The gel so-
lution has a melting point of about 40*C. The gel solution
was placed in an Erlenmyer flask which was sealed with a rub-
ber stopper. Through the rubber stopper, stainless steel tubes
serving as lines for nitrogen sparge, nitrogen out, inoculation
port and gel solution exit were inserted. The inoculation port
was covered with a rubber serum stopper. The gel solution exit
line was connected to a stainless steel tube, 150 mm x 2 mm I.D.,
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with silicone tubing. This stainless steel tube was installed
on the headplate through the sample port using suitable adap-
ters. This stainless steel tube was used as the nozzle for gel
bead formation. Inside the fermentor, 500 ml of 2% KCl solu-
tion containing 0.05% sodium thioglycollate and 0.3 mg/i re-
sazurin was housed. The gel solution in the flask and the KCl
solution were sterilized together with the two containers con-
nected. The entire assembly was placed in a 37*C room and it
is shown in Figure 10. The K-carrageenan was maintained in so-
lution form by putting the flask of gel solution in a 45*C
water bath.
A steady state continuous culture
of C. acetobutylicum growing at dilution rate of 0.20 hr~1
was used to inoculate the gel solution. The cell concentration
of the inoculum was about 2 g/l dry cell weight. The inoculum
size was 5% (v/v). The inoculated K-carrageenan solution was
pumped into the fermentor through the nozzle in a dropwise
fashion. The nozzle was fixed at a constant distance, 20 mm,
above the KCl solution by continuously removing the KCl solu-
tion through the liquid exit line as the gel was being fed.
The effluent rate of the KCl solution was adjusted to match the
gel solution inlet rate. Spherical beads, 4-5 mm in diameter,
were formed when the drops contacted for the KCl solution.
During the beading process, both vessels were sparged contin-
uously with nitrogen to maintain anaerobiosis. Also, the
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inoculated gel was stirred with a magnetic stirrer to effect
even distribution of the inoculum in the beads being formed.
When the beading was completed,
the fermentor was transferred to a 37*C water bath. Then the
KCl solution was replaced with soluble medium after the medium
reservoir was connected to the fermentor. The volumes of the
gel beads and the medium used in the experiment were deter-
mined by the gel-loading factor required. Also, the gel solu-
tion flask was disconnected by replacing the bead forming noz-
zle tube with the screw cap for the sample port.
3.4.6.2. Continuous Immobilized Cell Ferm-
entations
The immobilized cell fermentation
was performed in the 1-liter fermentor set up as a continuous
flow slurry reactor. A continuous input of soluble medium was
supplied through the medium feedline. A constant working vol-
ume in the reactor was maintained by a level controller.
Fermentation broth was removed through the medium exit line
when the effluent pump was activated by the level controller.
The immobilized cell beads, which were screened out from the
exit line, were retained in the fermentor. During the fermen-
tation, the contents of the fermentor was agitated at about
100 rpm using a magnetic stirrer.
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Both Medium 3 (glucose concentra-
tion, 70 g/l) and Medium 4 (glucose concentration, 100 g/l)
were used in the immobilized cell fermentations. The gel
loading in the fermentor was varied between 30 to 50% of the
total working volume depending on the experiment.
Usually, the immobilized cell ferm-
entation was started in a batch fashion in the fermentor. The
medium in the fermentor was changed several times during the
start-up period to prevent the build-up of toxic end-products.
The fermentation was converted to continuous operation when
the cell concentration within the gel-beads became sufficiently
high (about 30-40 g/l dry cell weight). The effluent from the
immobilized cell fermentation was sampled and analyzed in the
same way as the free cell continuous culture. Additionally, a
stainless steel scoop modified by bending the end of a spatula
was used to remove gel beads in the fermentor through the sam-
ple port. The beads removed were used for determination of
the gel bead volume and the cell concentration in the beads.
3.5. Analytical Methods
3.5.1. Fermentation Sample Preparations
Fermentation broth samples were collected on
ice from the fermentors. Usually, aliquots (about 2-5 ml) of
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the broth samples were used for optical density measurements.
Five ml of each sample were centrifuged in a plastic tube in a
Sorvall RC2-B centrifuge (DuPont Co., Wilmington, DE) at 12,000
g for 10 minutes. The temperature of the centrifuge chamber
was 4*C. The supernatants were stored frozen in capped vials
at -40C. Substrate and product analyses were performed using
these samples at the end of each fermentation.
Gel beads removed from immobilized cell ferm-
entations were used for gel bead volume determination and eval-
uation of entrapped cell concentration. The volume of a known
number of gel beads was determined by the water displacement
method. To determine the cell concentration inside the gel
bead, a known volume of gel bead was dissolved in distilled
water. The optical density of the resulting solution was mea-
sured. The dissolved carrageenan contributed negligible back-
ground to this measurement.
3.5.2. Cell Concentration Determinations
The cell concentration in soluble medium was
determined by either one of the two following methods:
( i) Dry Cell Weight Determination
This method was used when ample quantity
of fermentation sample was available such as during the batch
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and continuous fermentations conducted in the 5-liter fermen-
tor. The determination was performed using duplicate samples.
Two tubes, each containing 40 ml of fermentation broth, were
centrifuged at 12,000 g for 10 minutes. The supernatants were
discarded. The cell pellets were resuspended separately in 40
ml distilled water each. After centrifugation, the washings
were discarded. This washing procedure was repeated once more.
The washed cell pellets were resuspended with 5 ml of distilled
water separately. The cell suspensions were transferred into
tared aluminum pans. They were dried at 80*C for 24 hours,
and the dry cell weights were determined.
(ii) Optical Density Measurements
The optical density of a culture grow-
ing in a Hungate tube was measured in situ through the tube in
a spectrophotometer (G.K. Turner Associates, Palo Alto, CA).
For broth samples obtained from fermentors, a Klett-Summerson
colorimeter (Arthur H. Thomas Co., Philadelphia, PA) was used
to determine the turbidity of the sample. The samples with
high cell concentrations were diluted with distilled water to
give readings below 150 Klett units. It was established from
experimental data that turbidity of 425 Klett units was equiv-
alent to 1 g/l dry cell weight (see Appendix 1).
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3.5.3. Glucose Analysis
Glucose concentration was assayed enzymatic-
ally using a reagent kit obtained from Calbiochem-Behring Corp.
(LaJolla, CA). Two reactions catalyzed by two enzymes in series
were involved. These enzymes were hexokinase (HK)(E.C. 2.7.1.1)
and glucose-6-phosphate dehydrogenase (G-6-P DH) (E.C. 1.1.1.49).
The reactions are summarized as follows:
HK
Glucose + ATP > G-6-P + ADP
G-6-P DH
G-6-P + NADP > NADPH + 6-Phosphogluconate
These reactions were allowed to go to completion such that the
amount of glucose present was assayed by measuring the reduc-
tion on NADP to NADPH spectrophotometrically at 340 nm (UV).
The reagent solution was prepared according
to the instructions recommended by the manufacturer just before
the assay. To 0.75 ml of the reagent solution, 15 vpl of appro-
priately diluted sample was added. The mixture was incubated
at 300C for 30 minutes and then its absorbance was read on a
Gilford 240 spectrophotometer (Oberlin, OH). A calibration
standard assay of glucose concentration from 0 to 1.5 g/l is
shown in Figure 11.
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Figure 11
STANDARD CALIBRATION CURVE FOR GLUCOSE ASSAY
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3.5.4. Fermentation Product Analysis
The major fermentation products, acetone, ace-
tic acid, ethanol, butanol and butyric acid, were determined
simultaneously by gas chromatography. A teflon column, 6 ft. x
1/8 in., packed with coated Chromosorb W-AW, 80/100 mesh, was
used. The coating was 10% AT-1000 which is an esterified modi-
fication of Carbowax 20 M. The pre-coated packings were supplied
by Alltech Associates (Deerfield, IL). A Hewlett Packard (Palo
Alto, CA) gas chromatograph (GC), Model 4830A, equipped with an
automatic sample injector was employed. The temperature program
of the GC was set as follows: initial temperature, 100*C (0
minutes); rate of temperature increase, 20WC/minute (3 minutes);
final temperature, 160'C (3 minutes). The injector temperature
was maintained at 200*C. The separated compounds were detected
by a flame ionization detector (FID), the temperature of which
was at 300 0C. Helium, flowing at 30 ml/minute, was used as the
carrier gas.
To prepare a sample for the GC assay, 1 ml of
cell-free sample was added to 0.25 ml of internal standard solu-
tion. The internal standard contained 2.5% (w/v) n-propanol and
0.8% sulfuric acid which was added to acidify the acid products
in the samples. Prior to each GC session, standards containing
the same amount of internal standard were used to calibrate the
GC. The evaluation of a product concentration in an unknown in-
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volved the calculation of the ratio of its peak area in the
chromatogram to that of n-propanol. This ratio, when com-
pared to the calibration ratio, yielded the required concen-
tration. The peak area evaluation and the subsequent calcu-
lations were performed by a built-in microprocessor in the GC.
Typical chromatograms of a calibration standard of a fermenta-
tion sample are shown in Figure 12.
3.5.5. Determinations of Apparent Distribution Co-
efficients of Fermentation Products in
Aqueous-Solvent Systems
An apparent distribution coefficient of a
compound in a two-phase system was an indicator of the rela-
tive affinities of the compound within the two phases. It was
therefore used as a guide for the selection of solvents for ex-
tracting the compound from a solution. In this study, the ex-
traction of n-butanol from the fermentation broth was of inter-
est. Therefore, the two-phase system was comprised of the test
solvent and the fermentation broth. The apparent distribution
coefficient for butanol in this system was defined as the ratio
of the equilibrium concentration of butanol in the solvent phase
to that in the aqueous fermentation broth. In practice, several
solvents (see Table 2 ) were tested simultaneously. For each
solvent, 5 ml of the test compound was added to 5 ml of soluble
medium in a Hungate tube. The soluble medium contained the
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Table 2
SOLVENTS AND ADSORBENTS TESTED FOR IN SITU
BUTANOL REMOVAL FERMENTATION
Solvents
Alcohols
Esters
Other Organic Solvents
Adsorbents
n-amyl alcohol, heptanol, oc-
tanol
butyl acetate, butyl benzoate,
ethyl acetate, ethyl hexanoate,
ethyl heptanoate, ethyl octano-
ate, ethyl decanoate, ethyl
palmitate, pentyl propionate;
dimethyl phthalate, dibutyl
phthalate, acetyl triethyl ci-
trate, tributyl citrate, tri-
ethyl citrate, tributyrin
benzene, chloroform, toulene,
kerosene, C 4-C15 parafin, sili-
cone, corn oil
activated alumina, activated car-
bon, chromosorb P, chromosorb W,
a-cellulose, polyvinyl acetate,
molecular sieve
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following compounds: acetone, ethanol, acetic acid, butyric
acid, and butanol. Their concentrations were, respectively,
6, 5, 5, 5, and 12 g/l. Also, the pH of the medium was ad-
justed to 5.0. These mixtures were shaken for 2 minutes by
hand to ensure complete mixing and were kept at 37*C for 2
hours. At the end of the incubation period, the aqueous phase
of each tube was carefully withdrawn by using a Pasteur pipet.
The residual product concentrations in the aqueous phase were
determined using GC. The product concentration in the solvent
phase was calculated by differencing the product concentrations
of the aqueous solution before and after the extraction. Since
the small volume changes due to the mixing of the two phases
were not accounted for, the distribution coefficients thus ob-
tained were designated as the "apparent" values.
3.5.6. Determinations of Fermentation Product Affini-
ties towards Granular Adsorbants
Several types of solid adsorbents were screened
regarding their abilities to removal butanol in a fermentation
broth and they are listed in Table 2. The test was performed
by adding 2 g of each solid into a Hungate tube containing 5 ml
soluble medium, the composition of which was described in Sec-
tion 3.5.5. The mixtures were shaken such that all the solid
granules were permeated with the medium and they were incubated
at 370C for 2 hours. The residual concentrations of the prod-
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ucts in the liquid were assayed to yield the amounts of these
compounds adsorbed.
A more detailed study was conducted using
"Darco" activated carbon (MBC reagents). Four series of medium
were prepared from Medium 1. A series was constituted of media
containing different concentrations of one of the selected com-
pounds. These compounds were: acetone, ethanol, butanol, and
butyrate (adjusted to pH 5.0). The concentrations of these
compounds added to each series varied from 0 to 30 g/l. Five
ml of each media was contained in Hungate tubes. To each series
of medium, four concentrations of activated carbon were added
and they were (in g/l): 0 (control), 50, 100, and 200. After
mixing, these tubes were incubated at 370C for 2 hours. The
media were removed from the activated carbon using Pasteur
pipets. The concentrations of the compounds remaining in the
media were determined. These values were used for the evalua-
tion of the activated carbon adsorption isotherms of ethanol,
acetone, butyric acid and butanol.
3.5.7. Determination of Diffusivities of Glucose and
Selected Fermentation Products in K-Carrageenan
Gel Beads
K-Carrageenan gel beads were prepared in 2%
KCl solution using 3% cell-free gel solution following the pro-
cedures described in Section 3.4.6.1. The average gel bead
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volume was determined from the volume of distilled water dis-
placed by 100 beads. The following radioactive compounds were
used in the determination of their individual diffusivities in
carrageenan gel: glucose (14 C 1 ), acetic acid ( 14C, evenly
labelled), ethanol ( 14C, evenly labelled), and butanol ( C,
evenly labelled). All of these compounds were obtained from
New England Nuclear (Boston, MA). A double strength Medium 3
(glucose, 140 g/l; yeast extract, 30 g/l) was divided into four
batches. One of the radioactive compounds was added to each
batch with appropriate amount of carriers.
trations and the specific radioactivity of
in the media are shown in Table 3. Additi
of penicillin G was added to each media to
Five milliliter of each media was added to
Hungate tubes. These tubes were incubated
Then, each of these tubes was used in the
The beads were harvested
The final concen-
these test compounds
onally, 5000 units/ml
prevent contamination.
5 ml of gel beads in
for 24 hours at 37*C.
following experiment.
from the tube and
were patted with paper tissue lightly to remove the exterior
liquid. Ten beads were added to a scintillation vial containing
15 ml of Aquasol (New England Nuclear) to be counted for the ini-
tial radioactivity in the beads. The remaining gel beads (about
5 ml) were added to 800 ml of 2% KCl solution kept at 37*C.
The solution and the beads were agitated with a magnetic stirrer.
At each time interval, 10 beads were removed from the solution
using a ladle with a sieve bottom. The beads were patted dry
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Table 3
COMPOSITION OF MEDIA USED FOR DETERMINATION OF
SUBSTRATE AND END-PRODUCT DIFFUSIVITIES IN
K-CARRAGEENAN GEL
Total
a Conc. Specific RadioactivityMedium Radioactive Compound (g1l) (y Ci/mg compound)
A 1 4C1 -glucose 140.0 7.1 x 10-2
B 14 C -butanol 19.8 3.2 x 10-2
C 14C -acetic acid 10.4 1.9 x 10-2
D 14C -ethanol 15.8 6.0 x 10-4
a All media contained glucose, 140 g/1l; yeast extract, 30 g/1l; peni-
cillin G, 5000 units/ml; and pH adjusted to 5.0.
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with paper tissues and placed into an Aquasol vial. These vials
were allowed to sit for 12 hours before the radioactivities of
the vials were determined in a Liquid Scintillation Counter
(Packard Instrument Co., Inc., Downers Grove, IL). The vials
were counted again after another 12 hours to ensure the accuracy
of the results. The method for evaluating the compound diffusiv-
ities was derived from the mathematical expression developed by
Newman (1932). The description of this method and sample calcu-
lations of the results are included in the Appendix section.
3.6. Numerical Calculations
Numerical analyses requiring laborious calculation
procedures were performed using an IBM 370 computer on a time-
sharing basis administered by the Information Processing Service
(IPS) of MIT. The computer programs were written in Fortran
language and compiled with the IBM Gl compiler. Subroutine
packages available from IPS were incorporated into some of these
programs. The major subroutine packages were used for the fol-
lowing purposes: (i) curve fitting by least-square method, (ii)
quadrature evaluations, (iii) solution of initial value problem
of first order differential equations, and (iv) minimization of
a function to solve simultaneous equations. These subroutines
were created by the Numerical Algorithm Group (NAG) (Manchester,
England). The applications of these routines and the listings
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of the computer programs are included in Appendix 3. The de-
tail of the derivation of equations for analyses involving the
kinetics of free and entrapped C. acetobutylicum is also pre-
sented in the Appendix.
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4. RESULTS AND DISCUSSION
The presentation of this thesis is divided into two phases.
The first phase was the characterization of the acetone-butanol
fermentation, especially in regard to its kinetics and product
conversion efficiencies. The second phase was designed to im-
prove the acetone-butanol fermentation based on the defined
parameters of the fermentation. The results from these two
phases are presented in the following sections accordingly.
4.1. Characterization of the Fermentation Kinetics of
C. acetobutylicum
4.1.1. Batch Fermentations
4.1.1.1. Hungate Tube Culture
C. acetobutylicum was grown under
anaerobic conditions, which could be attained easily using
Hungate tube culture techniques. The preliminary experiments
were conducted in tubes to fulfill the following goals: (1)
to familiarize the general fermentation pattern of C. aceto-
butylicum, (2) to unify the procedures for inocula and stock
culture preparations, and (3) to provide information regarding
the suitable conditions for tank fermentation. These experi-
ments were conducted using both corn mash medium and soluble
complex medium.
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( i) Corn Mash Medium Fermenta-
tion
The corn mash fermentation
was performed using a series of duplicate tubes. After inoc-
ulation, one tube was harvested at each time point during the
fermentation. The harvested sample was analyzed for the fol-
lowing products: acetone, ethanol, butanol, butyric acid and
acetic acid. The pH of the sample was also determined. How-
ever, due to the heterogeneous nature of the corn mash medium,
gravimetric or optical determination of the cell concentration
was not possible. Therefore, only the pH profile and the prod-
uct formation pattern are reported in Figure 13. The results
obtained are consistent with those reported by Peterson and
Fred (1932).
The initial period of the
fermentation was characterized by the rapid production of both
acetic and butyric acid. The acid accummulating in the ferm-
entation broth was reflected by the rapid drop in pH from 6.0
to 3.9 within the first 40 hours of the fermentation. The con-
centrations of both butyric and acetic acids reached their
maximum values, about 2 g/l, at about the 60th hour. At this
time, concentrationsof butanol and acetone both increased from
the minimally-detectable values to 2.4 and 1.1 g/l, respectively,
at the end of the fermentation. The ethanol concentration was
observed to increase to 0.3 g/l in a similar way as the other
two solvents. The increase of the solvent product concentrations
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Figure 13
THE TIME COURSE OF A BATCH FERMENTATION BY C. ACETOBUTYLICUM
GROWING IN 5% (W/V) CORN MASH
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was seen to coincide with the decrease of the concentrations of
the two acids. The maximum production rates of these products
were (in g/1-hr): 0.04, 0.02, 0.05 and 0.05 for butanol, ace-
tone, butyric acid and acetic acid, respectively.
The gas evolved during the
fermentation was not assayed quantitatively. However, close
observation was made on the general characteristics of the
corn mash medium caused by the gas evolution. After inocula-
tion, the corn mash in the Hungate tube remained unchanged in
a mash form for the first 15 hours. This was followed by small
gas bubble formation which was distributed throughout the corn
mash. As the gas bubbles coalesced, the corn mash was pushed
upward as a plug into the headspace of the Hungate tube leav-
ing about 2 to 3 ml turbid solution at the bottom. This hap-
pened at the same time when the acids were rapidly being pro-
duced. This observation showed that the maximum gas evolution
rate occurred during the acid production period. After the
maximum acid concentrations were reached, the gas evolution
was observed to slow down, and the plug of mash fell back to
the lower part of the tube. From then on, a decreasing rate
of gas evolution was observed until the end of the fermentation.
This fermentation provides in-
formation regarding the growth of C. acetobutylicum in corn mash
medium. This information was applied to formulate the proced-
ures for spore culture and inoculum preparations. The corn mash
culture, after 24-48 hours of incubation, was used to inoculate
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other media. During this time period, the metabolic activities
of the culture were most vigorous as indicated by the product
formation rates. A more precise time was determined from the
observation on the rise of the corn mash in the tube. Also,
the fermentation of a 5% (w/v) corn mash was completed within
120 hours. A spore culture was prepared by incubating a corn
mash culture for 7 days or more. The presence of spores was
confirmed through microscopic examination of the culture. The
spore culture prepared was stored at 4*C for future uses.
(ii) Soluble Medium Fermentation
A Hungate tube batch fermen-
tation was performed using a soluble complex medium to deter-
mine the suitable conditions for tank fermentations. The com-
position of the soluble medium was similar to that of Medium 1
listed previously, except that 10 g/l of glucose was used. In
addition to monitoring the pH and the product concentrations,
the residual glucose concentration along the course of the ferm-
entation was also determined. Furthermore, the cell concentra-
tion of the culture was evaluated from optical density measure-
ments. The time course of this fermentation is shown in Figure
14.
Similar to the response of the
culture growing in corn mash medium, the initial productions of
acids, butyric and acetic, by C. acetobutylicum caused the pH
of the broth to drop rapidly from 6.2 to 4.0. The pH decrease
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Figure 14
THE TIME COURSE OF A NON-pH-CONTROLLED BATCH
FERMENTATION BY C. ACETOBUTYLICUM GROWING IN
SOLUBLE MEDIUM CONTAINING 10 G/L OF GLUCOSE
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happened within 24 hours after inoculation. After the pH
reached 4.0, it remained at that value during the remaining
course of the fermentation. Most of the growth of the culture
occurred in the initial 40 hours; during this period, the con-
sumption of glucose, as well as the acid accumulations were at
their highest rates. The cell concentration reached its final
value of 0.8 g/l dcw at about 40 hours. However, the accumu-
lations of product continued beyond that point until all the
glucose was consumed after 70 hours of fermentation. The for-
mation of the acid products preceeded that of the solvent prod-
ucts: acetone, ethanol and butanol. In fact, a significant
amount of butanol, above 0.5 g/l, was detected in the broth only
after the cell growth was observed to be slowing down. However,
contrary to the observations during corn mash fermentation, the
production of butanol did not coincide with a disappearance of
the acid product. The final concentrations of the products
were (g/1): 1.1, 0.1, 0.2, 1.8, and 2.8 for butanol, acetone,
ethanol, acetic acid, and butyric acid, respectively. The cor-
responding volumetric productivities averaged over the fermen-
tation period were (g/1-hr): 0.015, 0.001, 0.002, 0.025, and
0.039 in the same respective orders as above. Also, the average
consumption rate of glucose was 0.17 g/1-hr.
From these results, we can
examine and conclude several aspects of the fermentations. The
first is with regard to the metabolic rates of the culture dur-
ing the fermentation. In the initial phase of the fermentation,
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characterized by the decreasing pH values, the metabolic rates
of the culture were high compared to their respective values
at the other time periods. For example, the glucose consump-
tion rate during the initial 20 hours of fermentation was 0.35
g/l-hr, which was about twice the value averaged over the en-
tire fermentation. This comparison was also true for the spe-
cific growth rate and the acid formation rates. Other than
the individual concentrations of the measured components, the
most striking difference between the initial phase and the
latter time period was the pH value. The pH value of initial
phase ranged from 6.0 to 4.0 while, during the latter period,
the pH remained at 4.0. Therefore, it strongly suggests that
fermentation kinetics of C. acetobutylicum was affected by
the pH of the medium.
The second point that could
be derived from the results is in regard to the cause for the
cessation of the fermentation. In this case, the most obvious
cause was the depletion of glucose. The products accumulated
in this fermentation were less when compared to the case where
corn mash was the medium. Therefore, it is not likely that
the cessation of the fermentation was caused by the accumula-
tion products. The depletion of glucose also caused the form-
ation of butanol to stop even when an excessive amount of
butyric acid was present. This is because glucose is needed
to supply the reducing power for the conversion of butyric
acid to butanol.
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Therefore, these results
provided more definitive operating conditions for the batch
culture of C. acetobutylicum to produce acetone and butanol.
These are: (1) pH controlled at an optimal value, and (2)
sufficient supply of nutrients, especially carbon and energy
source. Based on these conclusions, the fermentation to be
reported was performed.
4.1.1.2. pH-Controlled Fermentation
A 5-liter fermentor containing 3
liters of Medium 4 (glucose, 100 g/l; yeast extract, 15 g/l)
was inoculated with 150 ml of growing culture. The inoculum
was propagated in the same medium in an anaerobic flask. The
pH of the batch culture in the fermentor was allowed to fall
to 5.0 from its initial value of 6.3. After this time, addi-
tions of 4.0 N NaOH were achieved automatically by the titrator
to maintain the culture pH above 5.0. The pH set point was
selected based on two factors. First, from the results of
batch fermentations conducted in the tubes, the microorganisms
grew well at around this pH. The second support for this se-
lection came from previous works of C. acetobutylicum fermen-
tations (Beesch, 1952; 1953) using potato mash and molasses
media. Though the pH was not controlled automatically in the
fermentations reported, the pH was usually at about 5.0 main-
tained by the buffering capacity of the medium.
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The batch fermentation cycle was
completed in 25 hours and the results are shown in Figure 15.
As the microorganism grew, butyrate and acetate accumulated
in the medium following a similar pattern. The concentrations
of acetate and butyrate peaked at 4.5 and 5.2 g/l, respectively.
The concentrations of acetone and butanol are seen to increase
rapidly as the acid concentrations decreased. This observation
suggested that the acid products were utilized by the microor-
ganisms for further production of acetone and butanol during
the later phase of the fermentation. Glucose was being con-
sumed steadily throughout the course of the fermentation. The
final residual glucose concentration was 37 g/l, which implies
a 63% consumption of the input glucose. The final concentra-
tions of the products were (g/l): butanol, 12.0; acetone, 7.0;
ethanol, 1.5; butyrate, 3.5; and acetate, 3.0. Also, 3.5 g/l
of cells on a dry weight basis was obtained at the end of the
fermentation. The overall conversion yields of butanol and
acetone from total glucose consumed were 0.18 and 0.11 g of
product/g of glucose, respectively.
Though the time sequences of prod-
uct formation were the same as that compared to the non-pH-
controlled system, the rates of these two fermentations were
different. When the pH of the culture was maintained at above
5.0, the growth rate of the microorganism was increased. At
the same time, increases in the product formation rates were
obtained. The volumetric productivity of solvent products
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Figure 15
THE TIME COURSE OF A pH-CONTROLLED BATCH
FERMENTATION BY C. ACETOBUTYLICUM USING
MEDIUM 4 (100 G/L) GLUCOSE)
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(acetone and butanol) was 0.8 g/1-hr in the pH-controlled ex-
periment. This value was a couple of orders of magnitude higher
than that obtained in the non-pH-controlled fermentation.
The fermentation ceased after only
63% of the supplied glucose was consumed. The termination of
the fermentation was suspected to be caused by the exhaustion
of some other nutrients. Therefore, a replicate fermentation
was performed and, when the growth rate of the organism was de-
clining, concentrated soluble medium without glucose was added
to provide additional nutrients for the culture. However, the
total glucose consumption and product accumulations were not
increased when compared to the previous fermentation. These
results where additional nutrients were provided ruled out nu-
trient exhaustion as the cause for the cessation of the ferm-
entation. Another possibility could be the inhibitory effects
of the accumulated products on the growth of the organism.
This aspect will be explored more fully in later sections of
this thesis.
The other aspect of the fermenta-
tion that needs to be addressed is the interrelationships be-
tween the various variables of the fermentation. The results
from the pH-controlled fermentation, though intriguing, are
too complicated for the formulation on the relationships among
the many involved parameters. These include, for example, the
product concentrations, product formation rates, substrate con-
sumption rate and efficiency. The difficulty arises from the
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dynamic changes during the fermentation, which are the inher-
ent characteristics of a batch culture. This difficulty is
compounded by the fact that more than one product is involved
in this fermentation. Therefore, it is impossible to identify
and differentiate the causes and consequences of the events
observed from the results of the batch fermentation.
However, from the results of the
batch fermentation study, we are able to decide on the proper
strategy into this problem. The main theme of the subsequent
studies on the fermentation kinetics is to delineate the in-
fluence of the various parameters by using steady state con-
tinuous fermentation study and independent study of the prod-
uct effects on cell growth.
4.1.2. Continuous Fermentations
The results on the batch fermentations with
C. acetobutylicum have revealed many factors that influence
the final outcome of the fermentation. The goal of this por-
tion of the thesis was to obtain a clearer view as to the in-
tricacies involved. Specifically, the following aspects of
the fermentation kinetics were of interest: (1) the depend-
ancies of the various metabolic rates, such as the substrate
utilization rate and the product formation rates, on the
growth rate of the microorganism; (2) the influence of the
product and substrate concentrations on the productivities of
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the metabolites; (3) the factors affecting the conversion yields
of the products from the substrates; and (4) the interrelation-
ships between these different factors.
In order to achieve these goals, continuous
fermentations were performed. It has been demonstrated theo-
retically and experimentally (Herbert et al., 1956) that the
use of continuous fermentation is capable of providing constant
environment for the growth of the microorganism. Thus, by
applying the continuous fermentation techniques to this study,
the unsteady state conditions inherent in the batch culture can
be eliminated. At the same time, the metabolic activities of
the organism can be scrutinized at selected growth rates to
achieve an independent assessment among the different dependent
variables.
Following this principle, the steady state
conditions in continuous culture with C. acetobutylicum were
accessed at different dilution rates. At each steady state,
the cell density, the product and substrate concentrations
were determined. Two media, Medium 2 and Medium 4, containing
50 and 100 g/l glucose, respectively, were used. The rationale
in using two levels of glucose was to examine the kinetic be-
havior of this fermentation at limiting and non-limiting con-
ditions of the carbon source.
The results of the continuous fermentation
are grouped into two sets according to the medium compositions.
First, the results using Medium 2 (50 g/l glucose) are shown in
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Figure 16. The steady state concentrations of the products,
cell concentration, and residual glucose are shown at the cor-
responding dilution rates. The cell densities, reported in
terms of g dry cell weight per liter volume, varied between 4.5
to 5.0 for fermentations conducted at dilution rates less than
0.2 hr 1 . In the experiment where dilution rate was at 0.3
hr- , only 2 g/l of cell mass was obtained at steady state. It
should be mentioned that the maximum growth rate of the organ-
ism, as determined by the "washout" method, was 0.4 hr- . The
"washout" method involves operating the continuous culture at a
dilution rate greater than that of the maximum growth rate. The
value of the maximum growth rate is evaluated from the differ-
ence between the dilution rate and specific rate of the decline
of the fermentor cell density during the washout period.
As expected, the residual glucose concentra-
tions were quite low at low dilution rates. However, the resid-
ual glucose increased as the dilution rates of the continuous
fermentation were increased to values higher than 0.2 hr~ .
If one considers these two parameters, glu-
cose and cell concentration, the results bear a striking re-
semblance to the theoretical prediction of a g-lucose-limiting
chemostat. However, there are five other major products in
this fermentation, namely, acetone, ethanol, butanol, acetate
and butyrate. The rise and fall of these steady state product
concentrations with respect to the dilution rate can be di-
vided into two patterns. In the first case, the molar ratio
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Figure 16
THE RESULTS OF THE CONTINUOUS FERMENTATION BY
C. ACETOBUTYLICUM AT STEADY STATES USING
MEDIUM 2 (50 G/L GLUCOSE)
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of butanol, acetone and ethanol at all dilution rates were con-
stant at values of 4.3:3:1. In this case, the respective maxi-
mal values were attained at a dilution rate of about 0.18 hr1 .
The maximum concentrations for butanol, acetone and ethanol
were 9.6, 5.2 and 1.4 g/l (130, 90 and 30 mmol/l), respectively.
These concentrations could not be achieved, however, when
higher dilution rates were used and actually decreased with in-
creasing dilution rates. The variations of the steady state
concentrations of acetate and butyrate with changing dilution
rate followed another pattern. Barring the small fluctuations
observed, the concentrations of these two acids remained rela-
tively insensitive to the dilution rate. The butyrate and
acetate concentrations were about 3.1 and 4.0 g/l (35 and 65
mmol/l), respectively, in the dilution rate range studied.
To better understand the implications of the
results, the metabolic rates of the bacterium at each steady
state were calculated from the data. These rates included the
end-product specific productivities and the specific glucose
consumption rate. The total product from a steady state con-
tinuous fermentor is obtained by multiplying the product con-
centration with the dilution rate. Similarly, the glucose
utilization rate is the product of the amount of glucose con-
sumed and the dilution rate at steady state. These are the
volumetric rates, and they represent the kinetics on an over-
all volumetric basis. Since the kinetics on a cellular basis
is also of interest, the volumetric rates are normalized by
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dividing the respective values by the corresponding cell con-
centrations. The resulting values are the specific rates.
The equations listed below summarize the computation proced-
ures:
specific productivity, qp = D p/X
and
specific glucose utilization rate, qs = D(S -S a)/X
The definitions of the symbols are explained in the nomencla-
ture section at the end of this thesis.
In Figure 17, the specific rates calculated
from the results of experiments performed with Medium 2 are
plotted against the respective microbial growth rates or the
dilution rates of the fermentations. First of all, the spe-
cific glucose utilization rate is seen to be increasing with
the increase of dilution rate. This is not surprising since
glucose is the main energy and carbon source for the microor-
ganism. The rate that it is being utilized is determined by
the demands of the microorganism. Such demands are obviously
proportional to the growth rate of the organism.
Contrary to the simple relationship between
the specific glucose utilization rate and the growth rate,
the relationships between the product formation rates and the
dilution rates are more complicated. The calculated specific
ethanol productivity is seen to be insensitive to the dilution
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Figure 17
SPECIFIC ACTIVITIES OF STEADY STATE CONTINUOUS
CULTURE USING MEDIUM 2 (50 G/L GLUCOSE)
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rate. This invariance was probably due to the insensitivity of
the ethanol detection method, which was inaccurate for ethanol
concentrations of less than 0.5 g/l (10 mmol/l). The specific
productivities of the other two solvents, acetone and butanol,
are seen to increase linearly with respect to the dilution
rate up to a value of 0.22 hr 1 . However, when the dilution
rate was increased to values higher t-han 0.22 hr~ , these spe-
cific productivities were found to decrease. The maximum spe-
cific productivities for acetone and butanol were 0.15 and 0.3
g/g-cell-hr, respectively, in the range of dilution rates
studied.
The specific formation rates of the acid
products, acetate and butyrate, at different growth rates fol-
low patterns that are different from those of the solvents.
The acetate specific productivity is seen to increase steadily
as the dilution rates were increased. On the other hand, the
specific butyrate productivity behaved totally different with
increasing dilution rates. For example, at dilution rates be-
low 0.22 hr 1 , the butyrate productivities were quite low in
comparison to the butanol and acetone formation rates. How-
ever, as the solvent productivities decreased with the increase
of dilution rate, the butyrate formation rate increased to val-
ues greater than those of the other products. This observation
would indicate that in continuous culture a dilution rate less
than 0.22 hr 1 favors the production of butanol and acetone.
Conversely, at a dilution rate greater than 0.22 hr 1 , the
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production of butyrate and acetate are preferred by the bac-
teria. Further discussions on this aspect of the results will
be continued when the results of the continuous fermentations
conducted using Medium 4 (100 g/l glucose) are presented.
The steady state results of the continuous
culture of C. acetobutylicum using Medium 4 are shown in Fig-
ure 18. The concentrations of the cell mass, residual glucose
and products attained at different dilution rates are shown.
Except for the residual glucose concentration, the values of
the other measured variables were quite similar to those of
experiments obtained with Medium 2 (see Figure 16). The resid-
ual glucose concentrations remained at about 50 g/l (300 mmol/l)
at dilution rates lower than 0.2 hr 1 . Since 100 g/l of glu-
cose was fed, these results show about half of the input carbo-
hydrate was consumed by the microorganism. As the dilution
rate was increased to higher values, the consumption of glu-
cose in the fermentor was further reduced. This can be seen
by the higher residual concentrations detected at dilution
rates greater than 0.2 hr 1 as shown in the figure.
The incomplete use of the glucose in these
continuous culture experiments was consistent with that found
during batch fermentation using the same medium (see Section
4.1.2.2). In the batch fermentations, about 60% of the 100
g/l glucose input was consumed. It had been shown that the
addition of other nutrients did not increase the final product
concentrations nor the total glucose utilization during batch
-137-
Figure 18
THE RESULTS OF CONTINUOUS FERMENTATION BY
C. ACETOBUTYLICUM AT STEADY STATES
USING MEDIUM 4 (100 G/L GLUCOSE)
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culture. The same test was conducted where an aliquot of sterile
yeast extract solution was pulsed directly into the fermentor
that was at a steady state dilution rate of 0.08 hr~1 . The im-
mediate increase of yeast extract concentration within the fer-
mentor was 5 g/l. If the culture had been nutrient limited,
such an addition would show an increase in the glucose consump-
tion and should also be accompanied by an increase in cell and
product concentrations in the effluent stream. However, within
10 hours after the pulse, no significant changes for the con-
centrations of glucose, cell mass, and products were noted. The
negative findings from this experiment suggested that nutrients
supplied by the yeast extract were not the limiting factors
during the continuous fermentations.
To further investigate the limiting factors
during the continuous fermentation, another simple experiment
was performed using the effluent collected from a steady state
continuous culture where the dilution rate was 0.08 hr 1 . The
whole broth collected was centrifuged to remove the cells and
supernatant was sterilized using Millipore filters. The fil-
tered spent-broth was dispensed into 3 sterilized Hungate tubes.
To the first tube, sterile basal medium, without glucose, was
added to supplement the spent-broth with yeast extract and
salts. Dilution of the spent-broth was minimized by using a
ten-fold concentrated basal medium. The resulting addition of
yeast extract was equivalent to a total concentration of 5 g/l.
The spent-broth in the second tube was diluted with equal
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volume of sterile distilled water,halving all the involved con-
centrations. The spent-broth in the third tube was used as is
to provide the necessary control. After sparging with nitro-
gen, these three tubes were inoculated with 2% growing culture
of C. acetobutylicum and incubated at 37*C. The results showed
that only the diluted spent-broth was able to support any cell
growth after 24 hours of incubation. From these findings, two
conclusions can be drawn and they are: (1) nutrient exhaus-
tion was not the cause of the incomplete utilization of glu-
cose in the continuous culture, confirming the observations of
the nutrient pulse experiment; and (2) there exist other inhib-
itory factors, whose effects were reverted upon dilution of
the spent-broth, that limited the growth of the organism in
the fermentation broth. The identification of the inhibitory
factors was performed in separate experiments, and the results
will be presented later.
To fulfill all of the goals set for the con-
tinuous culture study, the steady state results were further
analyzed. There were two sets of results from the continuous
fermentations where two different media were used. However,
due to their similarities, the results were combined and dis-
cussed collectively.
It was noted that the overall glucose con-
sumption rate was linearly related to the specific growth rate
as shown in Figure 19. The intercept at no growth (D = 0) can
be considered to be equivalent to the maintenance demands of
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Figure 19
THE RELATIONSHIP BETWEEN THE SPECIFIC GLUCOSE CONSUMPTION
RATE AND THE SPECIFIC GROWTH RATE (DILUTION RATE) FOR
THE CONTINUOUS CULTURE OF C. ACETOBUTYLICUM USING
MEDIUM 2 (D) AND MEDIUM 4 (A)
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the cells. This value was found to be 2.7 mmol of glucose per
gram of cell mass per hour for C. acetobutylicum. The energy
equivalent on the glucose utilized can be calculated as the
amount of ATP generated from the primary metabolite productions.
If one examines the metabolic pathway presented in the Litera-
ture Survey, it is noted that for every mole of glucose that
goes through the glycolysis, two moles of ATP are generated.
However, for each mole of acetate formed, an additional mole of
ATP is regenerated from ADP. Therefore, at a given steady
state, the rate of ATP generation is equal to the sum of the
acetate production rate and two times the glucose utilization
rate. The rates considered here are in mmol/g-cell-hr basis.
These calculations were performed using all of the data from
the continuous culture. The calculated values are shown in
Figure 20 as a function of the specific growth rates. The ex-
trapolated value for the maintenance energy requirement was
found to be 5.9 mmol ATP/g-cell-hr.
It is interesting to point out that the rela-
tionship between the ATP generation and growth rate is typical
of primary metabolism. This has been described mathematically
(Pirt, 1975; Stouthamer and Betthausen, 1973) by the following
equation:
-ATP Y + mATP
~ATP
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Figure 20
THE SPECIFIC ATP GENERATION RATE AS A FUNCTION OF
THE SPECIFIC GROWTH RATE (DILUTION RATE) FOR
CONTINUOUS CULTURE OF C. ACETOBUTYLICUM USING
MEDIUM 2 (0) AND MEDIUM 4 (A)
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In this equation, the ATP yield, YATP, is equal to the recip-
rocal of the slope as shown in the data of Figure 20. The
calculated YATP was found to be 11.7 g-cell/mole ATP, which is
in reasonable agreement to the value of 10.7 reported by
Bauchop and Elsden (1960).
The more complicated analysis of the results
is to relate the productivities of the five metabolites from
these fermentations to the pertinent parameters. Referring to
the pathway of glucose catabolism (Fiqure 2 ), it is seen that
there exists several branches leading to these fermentation
end-products. One of the loqical approaches to analyze the re-
sults is to examine the distribution of the substrate carbon to
the various products. This is achieved by comparing the pro-
ductivities of the metabolites to the glucose utilization rates
obtained at the different steady states. The relationships de-
rived from these comparisons aided by the overall results of
the continuous culture are useful in delineatinq the factors
which influence the metabolic activities of the microorganism.
The identification of these factors is important in gaining
insights with regard to the regulations within the pathway,
as well as beinq critical in assessing the productivities of
the fermentation from a process optimization point of view.
The fermentation kinetics were therefore
analyzed one branch at a time with respect to the qlucose
catabolism. First, the branch involving the butyl-products,
butyrate and butanol, is examined. In Figure 21, the specific
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Figure 21
THE REGULATORY EFFECTS OF THE SPECIFIC GLUCOSE CONSUMPTION
RATE ON THE SPECIFIC PRODUCTIVITIES FOR BUTANOL AND
BUTYRATE OF CONTINUOUS CULTURE OF C. ACETOBUTYLICUM
USING MEDIUM 2 (0,3 ) AND MEDIUM 4 (A, A)
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productivities of butanol and butyrate are shown as a function
of the specific glucose utilization rate. There exists in the
figure a pivotal rate of glucose utilization, which divides the
product formation rates into two regions. This glucose utili-
zation rate is equal to 11 mmol/g-cell-hr. For rates below 11
mmol/g-cell-hr, the butanol productivity is always higher than
that for butyrate. Within this glucose utilization rate ranae,
both of the specific productivities are correlated to the glu-
cose utilization rates by linear functions which pass throuqh
the origin. In the second region, where the specific glucose
rates exceed 11 mmol/g-hr, the relationships between the spe-
cific productivities and the glucose utilization rate are no
longer increasing linear functions. One can see a different
selectivity between rate of butanol and butyrate production and
butyrate was formed in favor of butanol. The specific growth
rate that corresponds to the pivotal glucose utilization rate,
11 mmol/g-hr, corresponds to 0.22 hr-.
The kinetics involving the branch of path-
way in which butyl-products are formed was also examined from
a different view. The sum of the butanol and butyrate produc-
tivity was compared with the glucose consumption rate as shown
in Figure 22. Since butanol and butyrate share several of the
four-carbon intermediates in the butyl-branch of the pathway,
the sum of their productivities represents the flow of carbon
throuqh this chain of reactions. It can be seen that the flow
of carbon to the butyl products are linearly related to the
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Figure 22
THE RELATIONSHIP BETWEEN THE COMBINED-SPECIFIC PRODUCTIVITY
FOR BUTANOL AND BUTYRATE AND THE SPECIFIC GLUCOSE CONSUMPTION
RATE OF THE CONTINUOUS CULTURE OF C.ACETOBUTYLICUM USING MED-
IUM 2 (0) AND MEDIUM 4 (A) . THE SLOPE OF THE LINE REPRESENTS
THE YIELD OF BUTANOL AND BUTYRATE FROM GLUCOSE AND IS EQUAL
TO 0.55 MMOL/MMOL.
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total glucose consumption rate. The linearity of this correla-
tion suggests that the conversion yield of butyl-products from
glucose consumed, which is represented by the slope of the
straight line in Figure 22, is constant within the range of
the study. The butyl-product yield was found to be 0.55 mmol/
mmol glucose. Therefore, the relative flow of carbon to the
butyl-product branch is unaffected by the glucose utilization
rate. However, it is the fate of butyryl CoA, the common pre-
cursor of butanol and butyrate, that is being regulated by the
change of the glucose utilization rate. The resulting ratio
of the productivity of butanol to that of butyrate is the con-
sequence of such regulation. It is interesting to point out
that the dependency of the product selectivity on the glucose
utilization is not unique for C. acetobutylicum. The produc-
tion of lactate, acetate, formate and ethanol from glucose by
streptococci is also seen to be regulated by the glucose catab-
olism (Yamada and Carlsson, 1975). In this case, it is be-
lieved that the intracellular concentration of an intermediate,
fructose-1,6-diphosphate (FDP) is responsible for the regula-
tion of the lactate dehydrogenase activity. The glucose util-
ization, which influences the FDP concentration, is therefore
affecting the product distribution. Whether a similar mechan-
ism is involved in C. acetobutylicum is unknown. It is sus-
pected, however, there might be some more complicated mechan-
isms involved because of the acetone production, which is in-
-153-
dependent of the butyl-products in the pathway, but is con-
trolled similarly to the butanol formation.
The production of acetate is seen to be re-
lated to the glucose utilization but independently as shown
in Figure 23. The conversion yield of acetate from glucose,
calculated from the slope of the line, is 0.25 mmol/mmol of
glucose. This linear relationship between acetate formation
and glucose utilization is consistent with the structure of
the pathway, since acetate is produced for the generation of
ATP from acetyl-phosphate as shown independently.
It is helpful at this point of the discussion
to summarize the salient findings and interpretations of the
continuous culture results. They are summarized as follows:
(1) the glucose utilization rate of the or-
ganism is proportional to the microbial growth rate;
(2) the conversion yields of glucose to
butyl products, the sum of butanol and butyrate, and acetate
are relatively constant and independent of the growth rate;
(3) the selectivity between butanol and
butyrate is regulated by the glucose utilization rate;
(4) the acetone productivity is requlated
similarly to the butanol productivity;
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Figure 23
THE SPECIFIC ACETATE PRODUCTIVITY AS A LINEAR FUNCTION
OF THE SPECIFIC GLUCOSE CONSUMPTION RATE OF THE CONTIN-
UOUS CULTURE OF C.ACETOBUTYLICUM USING MEDIUM 2 (0) AND
MEDIUM 4 (A). THE SLOPE OF THE LINE REPRESENTS THE
YIELD OF ACETATE FROM GLUCOSE AND IS EQUAL TO 0.25 MMOL/
MMOL.
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(5) the continuous fermentations conducted,
especially the ones with ample supply of nutrients, are limited
by yet unidentified factors in the broth other than nutrient
exhaustion.
4.1.3. End-Product Effects
4.1.3.1. Effects of Product Concentrations
on the Growth of C. acetobutylicum
In fermentations conducted with C.
acetobutylicum, we have not been able to obtain a butanol con-
centration greater than 12 g/l (160 mmol/l). The maximum con-
centrations attained for the other products were lower than
butanol. Nutrient limitation was ruled out as the cause for
the low product concentrations attained. Results using spent-
broth from the continuous culture of C. acetobutylicum strongly
suggested that inhibition of growth was exerted by the accumu-
lated products themselves. Therefore, the effects by several
of the major end-products on the microbial growth were examined
to test this hypothesis. The specific goals of these investi-
gations were: (1) to identify the inhibitory product or prod-
ducts, and (2) to quantify the individual and the possibly com-
bined effects of the inhibitors on the growth of C. acetubotylicum.
The products selected for this study
were acetone, ethanol, butanol, butyrate and acetate. These com-
pounds were examined separately to determine their individual
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effects on the microbial growth. Additionally, an experiment
was also performed using butanol and butyrate together to eval-
uate their combined effects. All the experiments, except
for the one involving acetate, were conducted with batch cul-
ture techniques in Hungate tubes. These experiments were car-
ried out by inoculating approximately dosed media in Hungate
tubes with an actively growing culture. The growth of these
cultures was monitored optically with a Turner spectrophoto-
meter. The growth rate of each culture during the first two
doublings was determined from a semi-log plot of the time
course of the culture cell density. The growth rate was normal-
ized by division with the maximum growth rate of the microor-
ganism grown in a similar medium without any product addition.
Of the compounds studied, all of them showed inhibitory effects
on cell growth, and no stimulatory growth effects were ob-
served. Therefore, the values of the normalized growth rate
range from 1.0, for maximum growth rate, to 0.0, for total in-
hibition of growth.
i) Butanol and Butyrate
The results of the experi-
ment using media dosed with butanol are shown in Figure 24.
The values of the normalized growth rate are around 1.0 for
butanol concentrations less than 10 g/l (135 mmol/1), indica-
ting that the growth of the microorganism was unaffected up
to this butanol concentration. However, the normalized growth
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Figure 24
THE INHIBITORY EFFECTS OF BUTANOL ON THE
GROWTH RATE OF C. ACETOBUTYLICUM
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rate decreases abruptly for butanol concentration greater than
10 g/1 as the microorganism. No growth was observed in media
which contained more than 14 g/l (190 mmol/l) of butanol as
indicated by the zero values of the normalized growth rate.
Interestingly, the response
of the growth rate of the microorganism to the addition of
butyrate was similar to that of butanol. The growth response
of C. acetobutylicum to increasing amounts of butyrate is
shown in Figure 25. Similar to butanol, butyrate at concen-
trations of less than 10 g/l (114 mmol/1) did not affect the
growth rate of the organism. An abrupt decrease in the growth
rate occurred when butyrate added to the media was greater
than 10 g/l. Complete inhibition was observed when the butyrate
concentration was higher than 17 g/l (193 mmol/l).
The similarity between the in-
hibition results in the presence of butanol and butyrate promp-
ted us to examine the combined effects of these two compounds.
Two additional series of media containing various amount of
butyrate were prepared in Hungate tubes. To one series, 4.1
g/l (55 mmol/1) of butanol was added to each tube; also, 7.7
q/l (104 mmol/l) of butanol was added to the other series. The
results of this experiment are summarized in Figure 26. The re-
sponse of C. acetobutylicum to the presence of butyrate alone is
represented by the curve to the extreme right. The other two
curves, from rightito left, were for media containing addition
of butanol at 4.1 and 7.7 g/l, respectively. The addition of
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Figure 25
THE INHIBITORY EFFECTS OF BUTYRATE ON THE
GROWTH RATE OF C. ACETOBUTYLICUM
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Figure 26
THE INHIBITORY EFFECTS OF BUTANOL AND BUTYRATE
ON THE GROWTH RATE OF C. ACETOBUTYLICUM
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butanol in the presence of butyrate shifted the growth response
curve to the left. The degree of the shifting was related to
the amount of butanol added. This suggests that the growth in-
hibitory effects exerted by butyrate and butanol could be addi-
tive.
The additive inhibitory prop-
erties of butanol and butyrate are better demonstrated when the
experimental results are presented as shown in Figure 27. In
this figure, the normalized growth rate is plotted against the
sum of the butanol and butyrate concentrations. The symbols
used in the previous figure were retained to indicate the ori-
gins of the data. Though these points were generated from cul-
tures exposed to various combinations of butanol and butyrate,
a single curve could be fitted smoothly through all of the data.
Moreover, the shape of the curve resulted was similar to the
ones produced when either butanol or butyrate was administered
to the medium individually. In fact, the corresponding concen-
trations on these three response curves (butanol-.butyrate, bu-
tanol and butyrate) were almost identical. Therefore, it is
concluded that the sum of the concentrations of butanol and
butyrate can be considered as a single variable as far as the
growth inhibition is concerned.
It is not completely surpris-
ing that the inhibitory effects of butanol and butyrate were
found to be equivalent quantitatively, since the molecular
structures of these two chemicals are quite similar. However,
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Figure 27
THE COMBINED INHIBITORY EFFECTS OF BUTANOL AND
BUTYRATE ON THE GROWTH OF C. ACETOBUTYLICUM
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since the inhibition modes of action of these compounds are not
understood in the case of C. acetobutylicum , it is not clear
whether these results can be extrapolated to conditions other
than those used in these studies.
An algebraic expression was
used to describe the results shown on Figure 27. The normal-
ized growth rate, yp, was related to the combined concentration
of butanol and butyrate, p, by the following expression:
83 P
= 1 B
62~PB
where 8 (non-dimensioned) and 2 (same dimension asPB) are
constants. The values of 1 and 8 2 depend on the unit of the
product concentration used and they are 0.10 and 180, respec-
tively, for PB in mmol/l.
( ii) Acetone and Ethanol
In general, the experiments
to examine the effects of acetone and ethanol were similar to
those for butanol and butyrate. The growth response of C.
acetobutylicum to the addition of acetone is presented in Fig-
ure 28. Compared to the butanol or butyrate studies, the or-
ganism was able to tolerate acetone to a much higher concen-
tration. The growth rate of the bacterium was unaffected by
acetone at concentrations of 30 g/l (520 mmol/l) or less. The
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Figure 28
THE INHIBITORY EFFECTS OF ACETONE ON THE
GROWTH RATE OF C. ACETOBUTYLICUM
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growth rate decreases after the 30 g/l and approaches zero when
the concentration is 50 g/l (860 mmol/l).
Similarly, ethanol was ob-
served to exert little inhibitory effect on the growth of C.
acetobutylicum at concentrations less than 65 g/l (1400 mmol/l).
Total growth inhibition was effected when the ethanol concen-
tration reached 80 g/l (1740 mmol/l). The concentrations of
both acetone and ethanol attained during batch and continuous
fermentations were at least an order of magnitude lower than
the values just cited. This comparison indicates that acetone
and ethanol accumulated during the course of a fermentation
have negligible effect on the gorwth of the culture.
(iii) Acetate
To study the inhibitory ef-
fects of acetate on the growth of C. acetobutylicum, a differ-
ent protocol was employed. In place of the Hungate tubes, a
5-liter fermentor was used to conduct the batch fermentations.
The switch to the tank fermentor allowed the medium pH to be
controlled automatically at a constant value. The medium pH
determines the degree of disassociation of the ionic compounds
in the medium. The disassociated and the associated forms of
the compounds have different effects on the microbial growth.
Usually, the associated species, such as acetic acid which is
uncharged, is believed to be more toxic to the microorganism
as it partitions more readily into the cell membrane than their
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counterparts, in this case, the acetate ion which is negatively
charged. Therefore, the maintenance of a proper ratio of the
two species, namely, acetic acid and acetate ion, by controlling
the medium pH is essential to this experiment.
One fermentation was conduc-
ted for each acetate concentration studied in the following way.
A freshly inoculated batch culture was allowed to attain its
maximum growth rate while the pH was controlled at 5.0. An
appropriate amount of sodium acetate solution at pH 5.0 was
added to the fermentor. The growth of the culture immediately
after the challenge was monitored. Samples were also taken from
the fermentor during the fermentation for total acetic acid
analysis. From the fermentation time course, the growth rate
of the organism and the average acetate concentration was eval-
uated. From here on, for convenience sake, the acetate concen-
tration means the total concentration of the acetate ion and
free acetic acid in the medium at pH 5.0.
The results of several exper-
iments using different amounts of acetate solution are presen-
ted in Figure 29. This response curve was purposely drawn on
a semi-log plot to demonstrate the exponential relationship
between the growth rate and the average acetate concentration.
In fact, the following expression was obtained by the applica-
tion of the least square fit:
y = exp (-3 PA)
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Figure 29
THE INHIBITORY EFFECTS OF ACETATE ON THE
GROWTH RATE OF C. ACETOBUTYLICUM
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where p is the normalized growth rate.
PA is the acetate concentration, g/l (or mmol/l)
$ 3 is a constant bearing the same dimension as PA'
The value of $ 3 was found to be -0.0096 for PA expressed in
mmol/1.
( iv) Discussion of Product Effects
It is interesting to point
out the different shapes of the dose-response curves generated
by the additions of the fermentation products. Except for ace-
tate, the other products induce response curves of similar pat-
terns. Threshold concentrations seem to exist for these prod-
ucts with respect to their inhibitory actions on the microbial
growth. Little or no effect on growth was observed for prod-
uct concentrations that were within their particular threshold
values. Rapid decreases in growth rate usually resulted when
these product concentrations exceeded their limits respectively.
This type of dose-response was also observed in studies of
ethanol effects on S. cerevisiae (Holzberg et al., 1967). On
the other hand, within the concentration range studied, the
growth rate of C. acetobutylicum decreased exponentially by
the increase of acetate concentration. The acetate response
curve bears more resemblance to the results of other primary
metabolite studies; for example, ethanol effects on C. ther-
mocellum (Herrero, 1981), acetate effects on C. thermoaceticum
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(Wang et al., 1978 ), and ethanol effects on baker's yeast
(Aiba et al., 1968). It is reasonable to assume that these re-
sponse curves are caused by many factors. Among these factors
the uptake mechanism of the inhibitor, the target of the inhi-
bition and the cellular composition of the microorganism in-
volved are included. However, the scope of this thesis dis-
allows an in-depth study regarding this aspect of the product
inhibition. The superficial survey of these various cases is
insufficient for any valid conclusions to be made.
Nonetheless, conclusions can
be made toward the goals set for this investigation from the
results presented above. These results are summarized in
Table 4 . The inhibitory potencies of the products studied
are presented by the product concentrations at which 50% growth
rate reduction was noted. Also listed in this table are the
actual product concentrations attained in batch and continuous
fermentations. Inhibitory effects contributed by each product
individually during a fermentation were clarified by comparing
the maximum attainable product concentration to the correspond-
ing 50% inhibition concentration. It can be concluded that the
amounts of ethanol and acetone accumulated in a fermentation do
not affect the growth rate of the microorganism significantly.
On the other hand, the combined concentration of butanol and
butyrate attained does not differ significantly from the 50%
inhibition concentration. The closeness of these concentrations
indicates two points, and they are: (1) the cessation of ferm-
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Table 4
SUMMARY OF INHIBITORY EFFECTS OF PRODUCTS IN THE ACETONE-
BUTANOL FERMENTATION ON THE GROWTH OF C. ACETOBUTYLICUM
ATCC STRAIN 824
Conc. Attained Dur-
ing Fermentation Conc. at which Growth
Batch Continuousa was Inhibited by 50%
Product (g/l) (g/1)
Ethanol 2 1 60
Acetone 7 5 40
Acetate 3 3.5 5b
Butyrate 3 2 14
Butanol 12 10 13
Butyrate
& 15 12 15
Butanol
a Averaged steady state values for dilution rates less than
0.2 hr-1 using Medium 2 and 4.
b pH controlled at 5.0.
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entation is caused by the accumulated products, and (2) the ma-
jor inhibitors are butanol and butyrate. The contribution of
acetate to growth inhibition is not as well-defined as the
other products. Though the acetate concentrations shown in the
table are relatively low compared to the other products, the
inhibition effects exerted by the amounts of acetate are still
significant. Reductions of growth rate by 30 and 20% for the
batch and continuous fermentations, respectively, are effected
by the presence of the acetate alone. Thus, it can be con-
cluded that acetate, though not as dominating as butanol and
butyrate, also affects the growth of C. acetobutylicum in ferm-
entations.
In summary, from the product
effect study, butanol and butyrate are the major inhibitors
limiting the growth of C. acetobutylicum. Also, acetate accum-
ulated plays a similar, but less significant, role as the other
major inhibitors. Empirical expression describing the combined
inhibitory effects of butanol and butyrate was developed from
this investigation. A different function was also formulated
from the experimental results to describe the acetate inhibi-
tory effects.
4.1.3.2. Continuous Culture Responses to
Variations of Butanol Concentration
The concentrations of butanol,
butyrate and acetate were considered to be critical to the
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fermentation kinetics of C. acetobutylicum. This conclusion
was established through the comparison between the attainable
product concentrations during fermentations and the concentra-
tions at which the initial growth of the organism was severely
inhibited. From this observation, butanol was further concluded
to play the major inhibitory role among the different end prod-
ucts. However, to provide more direct evidence to establish
the alleged role of butanol, it is necessary to examine the re-
sponse of the culture to the change of butanol concentration
during the course of a fermentation. Continuous culture was
employed for this purpose. The advantages of using a contin-
uous culture have been expounded in Section 4.1.2, and they
include: (1) provision of well-defined and constant environ-
ment at steady state operations, and (2) the ability to control
the growth rate of the organism with the adjustment of dilu-
tion rate.
Two types of experiments were per-
formed to study the effects of butanol concentration on the
fermentation kinetics of C. acetobutylicum growing in contin-
uous fermentations. In both of these experiments, the fermen-
tations were allowed to attain steady states before the butanol
concentrations were changed. These fermentations were per-
formed using Medium 2 which contained 50 g/l of glucose. Also,
the dilution rates were maintained to favor butanol production
by the microorganism. In one of the experiments, butanol was
pulsed directly into the fermentor. In the other experiment,
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the butanol concentration in the fermentor was changed by feed-
ing butanol continuously within the medium feed stream.
The results from the butanol-pulse
experiment will be presented first and are shown in Figure 30.
The steady state growth rate of the microorganism before the
butanol addition was 0.1 hr~ . The butanol concentration at
steady state was about 10 g/l (135 mmol/l) just before the
pulse injection. Sufficient amount of butanol was added to
increase its concentration in the fermentor to 16 g/l (215
mmol/l). The cell density, measured optically, and the concen-
trations of butanol and acetone were monitored at time intervals
as shown in the figure. All three concentrations are seen to
decrease exponentially with time. The slopes of the lines
plotted on the semi-log graph were identical and were equal
to -0.10 hr1 . This means that the culture in the fermentor
was being washed out at a rate equal to the dilution rate. The
washout occurred because the growth of the organism had ceased
completely upon the challenge of butanol at 16 g/l. At the
same time, the production of acetone and butanol also ceased.
The results from this experiment
were consistent with the earlier findings in the butanol inhi-
bition performed in Hungate tube culture (see Figure 24 ). It
was shown thatgrowth of C. acetobutylicum was completely inhibi-
ted when more than 14 g/l of butanol was present. These results
further show that the inhibitory action of butanol is extremely
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Figure 30
THE RESPONSE OF A STEADY STATE CULTURE OF C. ACETOBUTYLICUM
AT DILUTION RATE OF 0.1 HR-1 TO A PULSE ADDITION OF
BUTANOL TO THE FERMENTOR AT TIME ZERO
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rapid since there was no observable lag in the growth and prod-
uct responses in the continuous culture due to the butanol pulse.
The procedures for the other experi-
ment consisted of maintaining the dilution rate at 0.05 hr .
After attaining steady state, sufficient amount of butanol was
added to the feed medium reservoir to give an inlet butanol con-
centration of 3.6 g/l (48 mmol/l). The response of the culture
to this step-increase of butanol in the feed is shown in Fig-
ure 31. The steady state butanol concentration prior to butanol
addition was 8.5 g/l (115 mmol/l). After butanol was adminis-
tered to the feed medium, the butanol concentration and the
other monitored variables were seen to oscillate in the culture.
The concentrations of acetone and butanol were oscillating in
the same fashion. The butanol concentrations fluctuated between
values of 6 g/l (80 mmol/l) to 10.5 g/l (140 mmol/l), while
acetone concentrations were between 1.5 g/l (25 mmol/l) to 3.5
g/l (60 mmol/l). The butyrate concentration was oscillating
around the 3 g/l mark with an amplitude of about 2 g/l. The
residual glucose concentration rose from zero to values above
15 g/l, and its subsequent values remained above zero. The
cell concentration decreased from 4 g/l to about 2 g/l after
the butanol addition, and did not oscillate as much as the other
variables.
The oscillations of the monitored
variables induced by the step-increase of butanol were totally
unexpected. These transient and dynamic behaviors unfortunately
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Figure 31
THE RESPONSE OF A STEADY STATE CULTURE OF C.ACETO-
BUTYLICUM AT DILUTION RATE OF 0.05 HR-1 TO A STEP
INCREASE OF BUTANOL CONCENTRATION IN THE FEED STREAM
FROM 0 TO 3.6 G/L
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obscured the intent in the use of the continuous fermentation
for this study. Furthermore, in retrospect, the transient be-
haviors were not monitored sufficiently frequent for the accur-
ate assessments of the various instantaneous specific rates.
These values could have been useful to identify the impacts
of the butanol inhibition. The lack of knowledge regarding the
mechanisms of the product inhibitions precludes the use of
mathematical models to interpret these results.
Nevertheless, the original purpose
of these experiments was partially fulfilled from the general
response of the overall culture behaviors. It was the intent of
these transient experiments to establish the role of butanol
concentration during the course of fermentation when butanol
was being produced. The effects of butanol concentration on
the glucose utilization were calculated and are shown in Fig-
ure 32. The time course of the butanol concentration is shown
together with the profile of the average glucose utilization
rate within each time interval between sampling. The average
glucose utilization rate, q , was calculated according to the
following equation for time interval between tI and t2
q = AS + D (SS-)
where,X is the average cell concentration; S is average glucose
concentration; AS is equal to the difference of the glucose
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Figure 32
THE RESPONSE OF THE SPECIFIC GLUCOSE CONSUMPTION RATE
OF A STEADY STATE CULTURE OF C. ACETOBUTYLICUM TO THE
STEP INCREASE OF BUTANOL CONCENTRATION IN THE FEED
MEDIUM FROM 0 TO 3.6 G/L.
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concentrations at t1 and t2, and At is equal to (t2-t1). It is
important to note that this profile of the rate only represents
the approximate trend and response to the changing environment.
The frequencies of oscillation of these two curves are seen to
be slightly out of phase. Specifically, when the butanol con-
centration is high, the glucose utilization rate is seen to be
decreasing and vice versa. Recalling the established relation-
ship between the glucose utilization rate and the growth rate,
it can be concluded that the butanol concentration does have a
definite effect on the cell growth during fermentations.
4.1.4. Discussions of the Fermentation of C. aceto-
butylicum: Stoichiometry and Kinetics
The two major areas concerned in the charac-
terization of the fermentation of C. acetobutylicum are the
product formation efficiency and the kinetics of the fermenta-
tion. The efficiency of conversion from glucose to the vari-
ous products are presented first. An examination of the glu-
cose catabolic pathway of C. acetobutylicum (see Figure 2 )
shows that the microorganism produces hydrogen and carbon diox-
ide in addition to other catabolites. To satisfy both the ma-
terial balance and the electron (NAD/NADH) balance, it is pos-
sible that many combinations of stoichiometric relationships
are valid. To avoid the cumbersome task of having each of the
valid stoichiometric relationships analyzed, only one of them
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would be presented and used as the reference. This is repre-
sented by:
3 glucose + 2 butanol + acetone + 7CO 2 + 4H2 + H20
This stoichiometric equation was selected based on the follow-
ing arguments: (1) it satisfies both the material and electron
balances, (2) the resulting product distribution represents the
maximum possible solvent yield, which is the usual goal of ace-
tone-butanol fermentation. It is possible to have a valid
stoichiometry that contains butyrate as well as butanol. How-
ever, the value of the combined butyl-product yield will not
exceed that for the maximum butanol yield. The maximum yields
of butanol and acetone from glucose are 0.27 g/g (0.67 mmol/
mmol) and 0.11 g/g (0.33 mmol/mmol). It is important to point
out that 7 moles of CO2 are produced from every three moles of
glucose utilized for energy production. The evolution of car-
bon dioxide from this pathway accounts for the loss of about
40% of the carbon derived from glucose.
The experimental conversion yields of butanol
and acetone from the fermentation studies are summarized in
Table 5 . The solvent yields from the total glucose consumed
in batch and continuous culture were above 70% of the theore-
tical maximum. Considering that other products, such as ethanol,
butyrate, acetate, as well as cell mass were accumulated in these
fermentations, these yield values might have been underestimated.
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Table 5
SUMMARY OF THE CONVERSION YIELD OF SOLVENT FROM
GLUCOSE BY C. ACETOBUTYLICUM ATCC STRAIN 824
Yield (g product/g glucose)
Product Theoretical Batch Culture Continuous Culturea
Butanol 0.27 0.18 0.17
Acetone 0.11 0.11 0.09
Total 0.38 0.29 0.26
a Average values for dilution rate less than 0.2 hr- 1.
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However, since the contribution of yeast extract toward the
cell growth was not known, the necessary refining of the data
to obtain more accurate yield values were not made. The sol-
vent yield from glucose shown in Table 5 for continuous ferm-
entation is the average value from experiments performed with
dilution rate lower than 0.2 hr~1 . For dilution rates higher
than 0.2 hr~1, the production of butyrate was favored by the
organism growing in the continuous fermentation. Of course,
such change of product distribution affects the product yields
accordingly. However, if the butyl-products, butanol and
butyrate, are considered, the yield was unaffected by the
growth rate. This has been shown to remain at 0.55 mmol/mmol
glucose, which is equivalent to 82% of the theoretical maximum
value.
It is also interesting to consider the effi-
ciency of energy production from glucose catabolism of C. ace-
tobutylicum. During continuous culture operations, the ATP
yield from glucose was found to be 2.3 mmol/mmol within the
range of growth rate studied. This value is comparable to
energy yields of anaerobic fermentations of glucose producing
other products. For example, production of ethanol from glu-
cose yields two moles of ATP per mole of glucose. Also, mixed
acid fermentations carried out by a wide range of organisms
including Escherichia, Salmonella and Vibrio yield about 2 to
3 moles of ATP per mole of glucose consumed (Stainer et al.,
1970).
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The ability to produce several end-products
is one of the main characteristics of the C. acetobutylicum
fermentation. The interpretation of the fermentation kinetics,
however, is complicated by the seemingly entangled relationships
evolved from the number of products present. Therefore, it is
desirable to develop a unified kinetic model to describe the
events during the acetone-butanol fermentation. Indeed, with
the aid of the results from the product effect study, the
kinetics of the batch and continuous fermentations can be de-
scribed by a model as shown in Figure 33.
The model recapitulates the chain events that
influence the involved variables in a fermentation. The central
key element is the specific growth rate of the microorganism.
This rate is affected by the environmental conditions, especially
the product concentrations. The glucose utilization by the or-
ganism is directly related to the cell growth rate since it
provides the energy needed by the microorganism. The produc-
tion rates of the metabolites are regulated by the glucose
utilization rate through unidentified mechanisms. This regu-
lation also determines the distribution of the products. In
general, cells that are growing at low growth rate and thus
utilize glucose slowly will form more solvent products than
acid products.
The kinetic model also shows that the prod-
uct concentrations during fermentation are influenced by the
productivities and the mode of the fermentation. To illustrate
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Figure 33
KINETIC MODEL OF ACETONE-BUTANOL FERMENTATION
BY C. ACETOBUTYLICUM
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this point, the difference between the operations of the batch
fermentation and continuous fermentation will be presented. In
the batch fermentation, the metabolites produced accumulate in
the fermentation broth causing their concentrations to vary
with respect to time. Contrarily, the product concentrations
in the continuous fermentation are influenced by the dilution
rate of the fermentation.
This kinetic model can be described mathe-
matically using the expressions developed for the various in-
terrelationships. The detail of the mathematical model is in-
cluded in the section in which its application for analyses of
the fermentation kinetics of immobilized cell pellets is also
outlined.
In summary, the fermentation of C. acetobutyl-
icum is characterized by the sensitivity of the cell growth by
the inhibitory action of the products. At the same time, the
product distribution of a fermentation is dictated by the
growth rate, or glucose utilization rate of the organism.
Subsequently, the yields of desirable products are regulated
by the growth rate. However, the overall yield of catabolite
is independent of the growth rate.
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4.2. Process Development to Improve the Acetone-Butanol
Fermentations
4.2.1. In Situ Butanol Removal Fermentations
4.2.1.1. Process Description
The cell growth and the metabolic
activities of C. acetobutylicum are affected by the products
in the fermentation medium. To increase the butanol and ace-
tone productivities, one approach is to prevent the build-up
of the products to growth inhibiting levels in the medium. In
situ removal of butanol during fermentation was proposed to
control the product concentrations such that growth inhibition
could be alleviated. The general idea is to incorporate a
suitable system in the fermentation scheme such that only
butanol is selectively removed without affecting the metabolic
activities of the organism. Therefore, one of the keys to im-
plement this concept successfully is the identification and
selection of the butanol removal system.
Liquid-liquid extraction and solid-
liquid adsorption were considered in our studies. Both of
these operations can be carried out under conditions which are
mild and suitable for the C. acetobutylicum fermentation.
Also, they could be applied to large scale operations if proven
to be suitable. To illustrate the concept of in situ butanol
removal fermentation, two hypothetical schemes utilizing these
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two methods in fermentation processes are shown in Figure 34a.
Both processes are designed for continuous operations. In the
extractive fermentation, solvent and fermentation medium are
fed into the fermentor which also serves as the extraction ves-
sel. The effluent mixture is separated into two phases in a
phase separator. The aqueous stream and the solvent stream
are connected to separate product recovery units. The solvent
stripped of the product is recycled to the fermentor. In this
scheme, the butanol concentration in the aqueous phase during
fermentation is determined by the butanol distribution coeffi-
cient between the solvent and aqueous phase which in turn dic-
tates the volume ratio between the two phases in the fermentor.
For a well-mixed fermentor, which is required to provide good
contacts for extraction, the volume ratio of the two phases is
determined by the ratio of the feed rates of the solvent and
the medium at steady state operations. Thus, by selecting
suitable solvents and controlling the respective feed rates,
the product concentrations in the broth can be manipulated.
This should in turn allow further increase of cell concentra-
tion in the aqueous phase and higher productivities of the
metabolites would then result.
The scheme using solid adsorbent
is shown in Figure 34b. This scheme can be used for solids
that are difficult to be handled through pipelines. The prod-
uct removal is achieved by circulating the fermentation broth
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Figure 34
SCHEMATICS OF HYPOTHETICAL PROCESSES FOR IN SITU REMOVAL OF
TOXIC PRODUCTS DURING FERMENTATIONS. (a) CONTINUOUS LIQUID-
LIQUID EXTRACTION PROCESS, AND (b) CONTINUOUS SOLID-ADSORP-
TION PROCESS.
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through an external loop of the fermentor. In this loop, ad-
sorption columns are used in a single-fashion to allow adsor-
bent regeneration. The adsorbate is recovered by stripping
the adsorption columns in rotation when they were not connec-
ted to the fermentor. The butanol concentration in the medium
is controlled by varying the recycle rate of the fermentation
broth and the design of the adsorption column.
4.2.1.2. Selection of Compounds to Remove
Butanol In Situ
To successfully implement the above
processes to the acetone-butanol fermentation, the first task
is to select a suitable compound as the butanol removing agent.
The basic properties required of the compound are as follows:
(1) high affinity for butanol in aqueous system;
(2) inert to the growth of C. acetobutylicum; and
(3) easily separable from fermentation broth containing
cells.
In addition, since butanol is a low-value chemical and its pro-
duction is raw-material-cost intensive, the use of compounds
that are commonly available and low cost is essential to the
success of these processes.
A number of solvents and solids
were tested. The initial selections were made according to
their availability, and their immiscibility with the aqueous
-202-
solutions. All of these compounds were evaluated with respect
to their abilities to extract butanol from fermentation medium
and their compatibilities with the growth of C. acetobutylicum.
First, the results of the tests
conducted with the extracting solvents are shown in Table 6.
The solvent's capability to extract butanol is reported in
terms of butanol distribution coefficient. This coefficient
is defined as the ratio of the equilibrium concentration of
butanol in the solvent phase to that in the aqueous phase at
37*C. The compatibility of the test compound with the cell
growth is reported in qualitative terms. This subjective
assessment was the observation of growth after 24 hrs of incu-
bation in the presence of the solvent. The result is indicated
by a positive sign when growth occurs and a negative sign indi-
cates no growth was observed. The compounds tested are arranged
in this table in an ascending order according to their butanol
distribution coefficient. It is noted that for most of the
compounds with butanol distribution coefficient less than
unity, except for chloroform, the growth of C. acetobutylicum
in the presence of these compounds was not inhibited. The rest
of the solvents, with butanol distribution coefficient ranging
from 1 to 7.5, are inhibitory to the growth of the organism.
The only exception in this group of compounds is dibutyl
phthalate, which has a butanol distribution coefficient of 1.8.
However, when dibutyl phthalate was mixed with the fermentation
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Table 6
RESULTS OF EXTRACTING SOLVENT SELECTION FOR IN SITU
BUTANOL REMOVAL FERMENTATION
Butanol Distribu- Growth
Solvent tion Coefficient Effect
C 4-C15 Parafin 0.1 +
Kerosene 0.2 +
Silicone oil 0.2 +
Chloroform 0.5
Corn oil 0.6 +
Ethyl palmitate 0.8 +
Tributyrin 0.9
n-butyl ether 1.2 -
Benzene 1.5 -
Toluene 1.6 -
Ethyl decanoate 1.6 -
Ethyl octanoate 1.8 -
Ethyl heptanoate 1.8 -
Dibutyl phthalate 1.8 +
Butyl benzoate 1.9
Ethyl hexanoate 2.2 -
Pentyl propionate 2.4 -
Tributyl citrate 2.5 -
Dimethyl phthalate 2.6 -
Acetyl triethylcitrate 2.9 -
Triethyl citrate 3.6 -
Ethyl acetate 4.2 -
Butyl acetate 5.5 -
Octanol 5.9 -
Heptanol 7.5 -
n-amyl alcohol n.d.a
a not determined
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medium, the resulting emulsion was difficult to separate either
by settling or centrifugation. In general, it can be said that
solvents that extract butanol are not compatible to the growth
of C. acetobutylicum.
The results of tests conducted with
the solids are summarized in Table 7. The adsorption capacities
of these solids are expressed in terms of their specific load-
ings, which is defined as the amount of butanol adsorbed per
unit weight of the solid. The concentrations of the products
used in these tests were similar to those obtained in C. aceto-
butylicum fermentations. Of all the compounds tested, only ac-
0
tivated alumina and molecular sieve with 10A pores inhibited the
0
cell growth. The molecular sieve with 10A pores is believed to
inhibit the cell growth by non-selective adsorption of the nu-
trients from the medium. Interestingly, the molecular sieve
0
with 5A does not have the same effect. In fact, in the test
for its ability to adsorb butanol, the butanol concentration
in the solution was increased after the exposure to the molecu-
lar sieve. This is probably caused by the adsorption of water
molecules into the molecular sieve, while butanol, which has a
0
molecular diameter larger than 5A, is excluded.
The most prominent solid tested is
the activated carbon which has a specific loading for butanol
of 80 mg/g. This value is an order of magnitude higher than
the specific butanol loadings for the other compounds. There-
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Table 7
RESULTS OF ADSORBENT SELECTION FOR IN
SITU BUTANOL REMOVAL FERMENTATION
Specific Butanol
Loading (mg/g)
Chromosorb P
Chromosorb W
a-cellulose
Polyvinyl acetate
0
Molecular sieve, 10A
0
Molecular sieve, 5A
Activated alumina
Activated carbon
4.5
10.0
4.0
8.0
2.5
80.0
Absorbs water from solution
Growth
Effect
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fore, activated carbon was examined further. Adsorption iso-
therms of the various products were established using granular
activated carbon. The isotherm for butanol is shown in Figure
35, and for ethanol, acetone and acetate are shown in Figure 36.
All of the adsorption isotherms can be described mathematically
using the Freudlich equations in the concentration ranges
usually obtained in acetone-butanol fermentations.
4.2.1.3. Adsorptive Fermentation using Ac-
tivated Carbon for In Situ Removal
of Butanol
Granular activated carbon was found
to be the most promising adsorbent from the initial selection
study. It was also found to be compatible with the cell growth
of C. acetobutylicum in test tube culture experiments. There-
fore, activated carbon was used in a pH-controlled batch ferm-
entation of C. acetobutylicum to extract butanol in situ. The
purpose of the experiment was to seek information regarding the
following aspects of the fermentation: (1) the effects of addi-
tion of activated carbon on the metabolic activities of the
cells including the rates of the product formation and the dis-
tribution of the products, and (2) the actual ability of activa-
ted carbon to adsorb the various metabolites under fermentation
conditions.
The fermentation was conducted us-
ing a 5 liter fermentor. Initially, the fermentor was filled
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Figure 35
ADSORPTION ISOTHERM OF ACTIVATED CARBON
FOR BUTANOL AT 37 0C
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Figure 36
ADSORPTION ISOTHERMS OF ACTIVATED CARBON FOR
ETHANOL, BUTYRATE AND ACETONE AT 37*C
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with 2.5 liters of Medium 4 and 125 g of granular activated
carbon and was inoculated with a growing culture of C. aceto-
butylicum. At intervals, glucose and yeast extract solutions
were added to the fermentor. The concentrations of acetone,
butanol, ethanol, butyrate and glucose in the fermentation
broth were monitored regularly and they are shown in Figure
37. The productions of acetone and butanol proceeds the accum-
ulation of butyrate in the fermentation broth. The consump-
tion of glucose was steady throughout the course of the ferm-
entation. The fermentation stopped when the concentration of
butanol reached 12 g/l in the fermentation medium.
The products formed during ferm-
entation were distributed in the medium and on the activated
carbon. The total amounts of products adsorbed were deter-
mined by recovering the products from the spent activated car-
bon. From 125 g of spent activated carbon, 3.8 g of butanol,
1.1 g of butyrate, 0.6 g of acetone and 0.3 g of ethanol were
recovered. As far as the final titer per reactor volume is
concerned, the adsorbed butanol increases the total butanol
concentration per working volume to about 13.5 g/l.
Using the adsorption isotherm of
butanol, the amount of butanol adsorbed by the activated car-
bon can also be estimated. From the final butanol concentra-
tion in the broth, 6.5 g of butanol was calculated to be ad-
sorbed by 125 g of activated carbon. This value is twice the
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Figure 37
THE RESULTS OF A pH-CONTROLLED BATCH FERMENTATION
OF C. ACETOBUTYLICUM USING 50 G/L OF ACTIVATED
CARBON FOR THE IN SITU REMOVAL OF BUTANOL
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amount of butanol actually recovered. This discrepancy is
attributed by two factors. First, the recovery efficiency of
butanol from the activated carbon might be less than 100%.
Second, the fermentation broth is more complex than the solu-
tions used for the determinations of the adsorption isotherms.
By combining the amounts of prod-
ucts in the aqueous phase with the products actually recovered
from the activated carbon, the total amounts of product pro-
duced can be evaluated. These values are shown in Table 8.
The total glucose consumed in the fermentation was also cal-
culated. From these values, the conversion yield of the prod-
ucts from glucose were determined and are shown in the same
table. Comparing these yield values to those obtained in other
fermentations (see Table 5 ), it can be concluded that the prod-
uct yields are not affected by the presence of activated carbon.
Though the yields of products and
the sequence of product formation in the C. acetobutylicum
fermentation were not altered with the addition of activated
carbon, the metabolic rates of microorganism were drastically
reduced. This rate reduction can be observed by comparing the
time required to reach the respective final butanol concentra-
tions in fermentations with and without activated carbon. The
fermentation without activated carbon was completed in about
30 hours. Under comparable conditions, the fermentation with
activated carbon required nearly twice as much time to produce
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Table 8
TOTAL AMOUNT OF SUBSTRATE UTILIZED AND PRODUCT
FORMED, AND THE RESPECTIVE PRODUCT YIELDS
Total Amount
Produced (g)a Yield (g/g)
Glucose Consumed 176
Butanol 38.4 0.22
Acetone 19.8 0.11
Butyric Acid 7.0 0.04
Ethanol 6.3 0.04
a Total Amount = Amount in aqueous phase (2.5 liters)
+ amount recovered from Activated
Carbon.
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the same amounts of products. This means a rate reduction up
to 50% resulted by the addition of the activated carbon.
To determine the causes for the
fermentation rate reduction by the activated carbon addition,
the effects of activated carbon on cell growth were studied
using Hungate tube culture. Aliquots of medium were treated
with different amounts of activated carbon. After removing the
activated carbon by filtration, the treated media were inocula-
ted with C. acetobutylicum culture. The growth in each medium
after 48 hours of incubation was measured optically. The re-
sults from this experiment are presented in Figure 38. The
cell growth in the untreated medium was used to determine the
maximum growth and reported as the 100% value. The ability of
the medium to support cell growth decreased when the medium was
treated with increasing amounts of activated carbon prior to
inoculation. In fact, at an activated carbon concentration of
50 g/l, the medium treated was only able to support cell growth
equal to 50% of the maximum value.
The decreases in cell growth for
media treated with activated carbon were suspected to be caused
by the non-selective adsorption of certain essential nutrients
from the medium. This speculation was supported by the results
obtained from another experiment. Activated carbon having pre-
viously contacted on the fermentation medium was used to treat
aliquots of medium as in the previous experiment. The media
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Figure 38
EFFECTS OF ACTIVATED CARBON ON THE ABILITY OF
THE FERMENTATION MEDIUM TO SUPPORT GROWTH
OF C. ACETOBUTYLICUM
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thus obtained were used to grow C. acetobutylicum in Hungate
tubes and the results are shown in Figure 39. The fermentation
medium treated with pre-soaked activated carbon supported more
growth than medium exposed to the same amount of fresh activa-
ted carbon. Also, the activated carbon pre-soaked with ferm-
entation medium were no longer able to adsorb the products from
aqueous solution as shown by the results summarized in Table 9.
These results suggest that the adsorption of activated carbon
is non-selective. When exposed to a mixture of compounds, in-
cluding the fermentation products and the other nutrients in
the medium, the adsorption sites of the activated carbon are
available to all the compounds nonspecifically. Therefore,
during fermentation, the adsorption of butanol will be decreased
due to the competitive adsorptions of the other compounds.
Furthermore, the supply of nutrients to the organism will also
be reduced by the activated carbon adsorption causing the de-
crease in metabolic activities of the organism. In short, ac-
tivated carbon, though capable of adsorbing butanol, was un-
suitable for the in situ butanol removal since it interferes
with the growth of C. acetobutylicum through nonspecific
adsorption of other essential nutrients.
4.2.1.4. Extractive Fermentation with Corn
Oi1
Among the solvents tested which are
compatible with the growth of C. acetobutylicum, corn oil
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Figure 39
EFFECTS OF MEDIUM-TREATED ACTIVATED CARBON ON THE ABILITY
OF THE FERMENTATION MEDIUM TO SUPPORT GROWTH OF C. ACETO-
BUTYLICUM. THE CONTROL WAS THE RESULTS SHOWN IN FIGURE 38.
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Table 9
SPECIFIC LOADINGS OF DIFFERENT COMPOUNDS ON ACTIVA-
TED CARBON TREATED WITH FERMENTATION MEDIUM
. .(g adsorbed)
Specific Loadings (g carbon
Equilibrium Fresh Medium-Treated
Concentrations Activated Activated
Compound (g/l) Carbon Carbon
Butanol 8 0.08 0.015
Acetone 4 0.035 ~ 0
Ethanol 2 0.010 ~ 0
Butyrate 5 0.030 ~ 0
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possesses one of the highest distribution coefficients, 0.6,
for butanol. In addition, corn oil is available in large quan-
tities. For these reasons, it was used as a butanol extracting
solvent in a pH-controlled batch fermentation. The aim of this
fermentation is to examine the feasibility in removing a toxic
product in situ by extraction. At the same time, this study
was used to reveal potential problems that might be encountered
in extractive fermentation systems. The other information which
was desired from these experiments was the effect of the corn
oil on the kinetics and the conversion yields of the products.
The fermentation was conducted us-
ing equal volumes of corn oil and fermentation medium in a 5-
liter fermentor. The total working volume of the fermentor
was 3 liters. At intervals, samples were withdrawn from the
fermentor and the products in the aqueous phase and the corn
oil were quantified. The bacteria were seen to remain in the
aqueous phase during the fermentation.
The time course of the fermentation
showing the concentrations of the various components in the
aqueous phase are shown in Figure 40. Two corn oil replace-
ments were made during the fermentation, one at the 20th hour
and the other one at the 36th hour. Both replacements were
accompanied by the additions of glucose and yeast extract to
the aqueous phase, and they are marked by the arrows in the
figure. The general pattern of the fermentation is similar to
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Figure 40
THE RESULTS OF A pH-CONTROLLED BATCH FERMENTATION OF
C.ACETOBUTYLICUM USING EQUAL VOLUME OF CORN OIL TO
EFFECT IN SITU REMOVAL OF BUTANOL. ARROWS INDICATE
THE CHANGE OF CORN OIL AND ADDITIONS OF NUTRIENTS.
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the other batch fermentations. The initial growth of the or-
ganism wa-s accompanied by the increase in the butyrate concen-
tration. As the butyrate concentration reached above 5 g/l,
the productions of acetone and butanol became more pronounced
and the accumulated butyrate was consumed by the microorganism.
At the time of the first oil replacement, there were 2.5 g/l
of butyrate and 25 g/l of glucose residual in the medium. The
aqueous phase concentrations of acetone and butanol were 3.5
g/l and 5.5 g/l, respectively. The glucose concentration was
increased to 114 g/l by addition of concentrated glucose solu-
tion. The aqueous phase product concentrations were reduced
when fresh corn oil was added. It is important to note that
at this time the combined product concentration, especially
that involved with butanol and butyrate, was lower than the
concentration found to be growth-inhibitory.
After the first oil change, the
concentrations of cell, butanol and acetone increased steadily
until the 36th hour which corresponds to the time of the sec-
ond corn oil replacement. The concentrations of butanol and
acetone reached 11.5 and 7.5 g/l, respectively, in the aqueous
phase before the oil was replaced for the second time. The
butyrate concentration remained at around 1.5 g/l in the period
between the oil replacements. Just before the second oil change,
the combined concentration of butanol and butyrate in the aqueous
phase reached 13 g/l, which is inhibitory to the cell growth.
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The cells might have been damaged irreversibly at this point,
and thus the activities of the fermentation ceased even after
fresh corn oil was replenished.
To understand the impact of the in-
troduction of corn oil into the C. acetobutylicum fermentation,
it is necessary to compare the results of the extractive ferm-
entation with those of the ordinary batch fermentation. How-
ever, in the extractive fermentation, the variables are dis-
tributed among the two separate phases. For example, while the
cell mass was retained mainly in the aqueous phase, butanol and
acetone were distributed among the corn oil and the medium
according to the relationship governed by the distribution co-
efficients. Therefore, to examine the product formations and
the cell growth simultaneously, the total production of the
metabolites in the reactor should be considered. The total
amounts of products in the fermentor are evaluated by summing
the amounts in the aqueous phase and those in the corn oil.
To better relate these values to the cell concentration in the
aqueous phase, they are adjusted with respect to the equiv-
alent aqueous volume of the fermentor as pseudo product con-
centrations. These pseudo values represent the product concen-
trations attainable if the oil phase was absent and if one
assumed that the products in the corn oil were distributed into
the aqueous phase. The pseudo concentrations of butanol and
acetone are shown in Figure 41.
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Figure 41
THE PSEUDO CONCENTRATIONS OF BUTANOL AND ACETONE
ATTAINABLE DURING THE CORN OIL EXTRACTION FERMEN-
TATION. THE PSEUDO CONCENTRATION IS THE AMOUNT
OF PRODUCTS ATTAINED IN THE FERMENTOR NORMALIZED
WITH RESPECT TO THE AQUEOUS PHASE VOLUME.
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The results on this figure can be
divided into two periods with the first oil replacement as the
division point. When the results in the first period were ex-
amined with respect to the aqueous concentrations of cell mass
and residual glucose (Figure 40), it was found that the pattern
of the fermentation was identical to that from an ordinary
fermentation. More specifically, the various concentrations
such as growth rate and product formation rates were identical.
In fact, the combined volumetric productivity of butanol and
acetone calculated with the equivalent concentrations was 0.8
g/1-hr in this period. Noting that the same concentrations of
cell mass were attained in the media in the fermentations with
and without corn oil addition up to this point, the average
specific productivities of the products are found to be equiv-
alent in both cases.
After the first oil replacement,
which reduced the aqueous product concentrations initially, the
cell concentration in the aqueous phase increased beyond the
value attainable in the ordinary batch fermentation. During
this period of fermentation, the cell growth was accompanied
by the production of acetone and butanol. The final aqueous
cell concentration was 5.1 g/l in this period. The pseudo
concentrations of butanol and acetone reached 19.6 and 10.6
g/l, respectively. The overall rate of solvent product (bu-
tanol and acetone) formation on the aqueous volume basis was
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1.0 g/l-hr, which is 25% higher than the volumetric productiv-
ity of solvent products obtained in the first period. This is
due to the higher average cell density (4.3 g/1) which was
achieved in the second period as compared to the first period
cell concentration of 2.5 g/l. It was therefore concluded
that the increase in volumetric productivity was mainly due to
the difference in the cell concentrations.
The equivalent product concentra-
tions are also useful in evaluating the material balances of
the products formed during the fermentation. By quantifying
the amounts of products removed through the oil replacement
and the equivalent product concentrations, the complete prod-
uct balance can be obtained. Using the total amounts of prod-
ucts formed along with the total glucose consumed, one is able
to calculate the overall product yields from glucose. The
yields for acetone and butanol in the extractive fermentation
were 0.10 and 0.18 g/g of glucose, respectively. These prod-
uct yields are the same as those values obtained in the ordin-
ary batch fermentation.
Though the specific rates of prod-
uct formation and the product conversion yields were not affec-
ted by the addition of corn oil in the batch fermentation, the
overall volumetric efficiency of the process was reduced. The
efficiency of the fermentation process is represented by the
overall productivities of the desirable products based on the
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total working volume of the fermentor. In the extractive ferm-
entation -which lasted 36 hours with one oil replacement, the
solvent productivity based on the combined volume of corn oil
and aqueous medium was 0.5 g/l-hr. This is only 60% of the
productivity obtained using a single-phase batch fermentation.
The major cause of the decrease in productivity is the low bu-
tanol distribution coefficient in the corn oil. When the max-
imum attainable concentrations of the toxic products were reached
in the aqueous phase, the product concentrations in the corn
oil were less than those in the medium. This means that the
volume occupied by the corn oil was not fully utilized to dis-
sipate the inhibitory actions of the products. For instance,
in the extractive fermentation just presented, if the bulk of
corn oil was replaced by aqueous medium giving a total volume
of 3 liters, it is expected that a total of 36 g of butanol
would be accumulated in the reactor. However, in the case of
the extractive fermentation, in which one-half of the 3 liter
volume was occupied by corn oil, only 28.5 g of butanol was ob-
tained in the fermentor at the end of the fermentation. Con-
sequently, in short periods of operation which does not allow
the build-up of cell mass in the aqueous phase, the volumetric
productivity of the solvent products is reduced.
It can be argued that the continu-
ous removal of butanol with corn oil would allow the further
build-up of cell mass in the aqueous phase and thus increase
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the productivity. However, there exists an operational disad-
vantage because of the limited ability of corn oil to extract
butanol. In the case when the cell concentrations were in-
creased, a high flow through of corn oil would be necessary to
maintain the product concentrations in the aqueous broth at non-
inhibitory levels. Since the corn oil must be recycled in the
process due to the economical limitations, the downstream
equipment, such as the phase separator and solvent recovery
units, have to be increased in size to keep up with the produc-
tion rate. Therefore, the gain in reducing the fermentor size
is offset by the size increases in the other equipment. There
is a potential advantage in the use of corn oil as an extrac-
tant for the production of butanol. In view of the fact that
corn oil has a much lower vapor pressure than butanol, the sep-
aration of butanol from the corn oil through distillation could
be less intensive energetically. In contrast, without extrac-
tion, the butanol must be separated along with a large volume
of the continuous phase water. This potential gain in energy
saving could be quite attractive.
To summarize the results of the
corn oil extractive fermentation, some of the pertinent vari-
ables are shown in Table 10 along with the results of an ordin-
ary fermentation. In short, the extractive fermentation using
corn oil demonstrated that by removing the products selectively,
the cell concentration in the aqueous phase can be increased
Table 10
SUMMARY OF RESULTS OF BATCH FERMENTATIONS OF C. ACETOBUTYLICUM
WITH AND WITHOUT CORN OIL EXTRACTION
Maximum Product Volumetric
Concentrations (g/l) Yield (g/g) Productivity
Cell Acetone Butanol Acetone Butanol (g/l-hr)
Batch Fermentation 3.5 6.9 13.2 0.09 0.18 0.84
Extractive Fermentation
Aqueous phase 5.1 7.5 11.3 0.10 0.18 -
Total volume basis 2.6 3.8 5.7 - - 0.46
Aqueous volume basis 5.1 10.6 19.6 -0.92a
0.84b
0.96 c
a = overall value ( 0 - 36 hr)
b = 1st period ( 0 - 18.5 hr)
c = 2nd period (18.5 - 36 hr)
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independently of the product concentrations. Also, the corn
oil used has little or no effects on the metabolism of the cells
in terms of the specific productivities and the product yields.
However, due to the low butanol affinity in corn oil a detailed
overall technical and economic assessment must be performed as
to this in situ system's overall viability.
4.2.2. Immobilized Cell Fermentations
4.2.2.1. Process Description
One approach to increase the pro-
ductivities of acetone and butanol is to increase the cell con-
centration of C. acetobutylicum in the fermentor while avoiding
the inhibitory effects of the accumulated products. Immobiliza-
tion of C. acetobutylicum was used in this study to achieve
this goal. The cell immobilization was achieved by entrapment
using K-carrageenan gel according to the procedures developed
by Wada and coworkers (1979, 1980, 1981).
The entrapment of the microbes is
accomplished by the gelation of cell-containing K-carrageenen
solution thermally. The gelling temperature of the K-carra-
geenan solution is influenced by the concentrations of K-carra-
geenan and gel-enhancing cations such as K+, Ca++ and NH 4
These cation concentrations also affect the tensile strength
of the resulting gel. In general, the higher the gelling
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temperature, the stronger is the resulting gel. For maximum
operational stability of the immobilized cells entrapped in
K-carrageenan gel, it is desirable to obtain gel matrix with
relatively high tensile strength.
However, the gelling temperature
of the K-carrageenan solution applicable for cell immobiliza-
tion is influenced by two other considerations. First, to
maximize the cell viability prior to gel formation, the temp-
erature of the solution must be lower than the lethal temper-
ature for the microorganism. In the case of C. acetobutylicum,
the cells were found to be active in the temperature range of
30 to 40*C. Second, in order to maintain a proper shape of
the gel, a number of geometric forms can be considered. The
simplest being spherical and therefore necessitated forming
through a circular tubing orifice. The ability to transfer
the solution through the tubings depends on the solution vis-
cosity which in turn is governed by the temperature and carra-
geenan concentration. Therefore, to meet these requirements,
a 3% K-carrageenan (type NJAL 515) solution which has a gelling
temperature of 400C, was used to immobilize C. acetobutylicum.
At 450 C, the K-carrageenan solution when mixed with an inocu-
lum at 5% (v/v) can be easily pumped. This solution, when
passed through stainless steel tubings and upon exiting, will
form a spherical bead during gelation.
During cell immobilization, it was
also necessary to prevent the inoculum from contacting oxygen
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which is detrimental to the cells. This was achieved by the
addition of reducing agent to both the K-carrageenan and the
KCl solutions. These solutions were also sparged with nitro-
gen during the preparation of the beads.
The gelation of K-carrageenan is
thermally reversible. The melting temperature of K-carrageenan
gel is usually 10C above the gelling temperature. Therefore,
cell density within K-carrageenan beads could be easily moni-
tored by melting the cell-containing beads in aqueous solution
at the gel melting temperature. The dissolution of the gel
allows optical measurement of the concentration of the cells
which were entrapped.
In this study, the fermentations
of the immobilized cells were performed using a continuous
stirred tank fermentor. The stirred tank fermentor was used
since the temperature and pH can be easily controlled. Fur-
thermore, in the stirred tank fermentor the disengagement of
the gaseous products, hydrogen and carbon dioxide, are easily
achieved. Lastly, the homogeneous conditions in the bulk
phase of the stirred tank reactor simplify the procedures to
obtain useful experimental data and the kinetic analyses of
the results.
In Figure 42, a schematic diagram
of the continuous fermentor containing immobilized cell pel-
lets is shown. The effluent stream was adjusted to match the
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Figure 42
SCHEMATIC OF IMMOBILIZED CELL CONTINUOUS FERMENTATION
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medium feed rate in order to maintain a constant working vol-
ume in the fermentor. The cells entrapped in the gel bead are
retained in the fermentor by a screen attached to the liquid
exit line.
The immobilized cell fermentor can
be visualized to be composed of many small identical fermentors.
These are the immobilized cell pellets which are suspended in
a homogeneous bulk phase through which fresh medium and spent
broth were exchanged. Depending on the environmental condi-
tions of the fermentor, fermentation of free cells resulting
from leakage could also take place in the bulk phase simultan-
eously with the reactions within the pellets. The hydrody-
namic conditions and the transport properties within the im-
mobilized cell pellet are different from their counterparts in
the bulk phase. Consequently, during the fermentation, concen-
tration gradients with respect to the products and the sub-
strates would exist within the immobilized cell pellet. In
the case of C. acetobutylicum, the metabolic activities of the
entrapped cells, which are sensitive to the environmental con-
ditions according to the intrinsic kinetics of the free cells,
would depend on the location of the entrapped cells within the
pellet. Specifically, gradients of the metabolic activities
of the entrapped cells can exist within the gel matrix. The
overall metabolic activities of a single immobilized cell pel-
let would then be the summations of the respective metabolic
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activities of the entrapped cells distributed within the gel
matrix. Finally, the overall performance of the immobilized
cell fermentor is the sum of activities of the individual pel-
lets plus the activities relating to the free cells in the bulk
phase.
From the foregoing discussion, it
can be concluded that one of the key elements in understanding
the immobilized cell fermentation kinetics is through the
analysis of the single immobilized cell pellet. Therefore,
in addition to the examination of the overall performances of
the immobilized cell fermentation, mathematical analyses were
employed to dissect the interplay between intrinsic fermenta-
tion kinetics and the diffusion of products and substrate
through the gel matrix. Specifically, the mathematical analy-
ses were used to examine the following aspects of the single
immobilized cell pellet: (1) the distribution of products and
substrate in the gel matrix, (2) the distribution of cellular
metabolic activities as a result of the localized environment,
(3) the possible effect of the distribution of cellular activ-
ities on the selectivity of product formation, (4) the overall
single immobilized cell pellet performance under different op-
erating conditions, such as the variations of dilution rate,
and (5) the overall performance of the immobilized cell fer-
mentor.
Since the interpretation of the ob-
served results have to be aided by the mathematical analyses,
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the presentation of the results is arranged according to the
following order: (1) presentation of the experimental data
and highlights of special features of the results, and (2)
discussion of the mathematical analyses in relation to the ob-
served results.
4.2.2.2. Continuous Fermentation Using Im-
mobilized Cells
Continuous fermentations with gel-
entrapped C. acetobutylicum were conducted using a fermentor
system similar to the continuous culture system employed for
the free-cell fermentation. The temperature of the fermentor
was controlled at 37*C. The pH of the bulk phase in the im-
mobilized cell fermentor was controlled at above 5.0. In all
the immobilized cell fermentations to be presented, the gel
volume used in the fermentor was 50% of the total working vol-
ume. This gel loading was employed to provide maximum increase
in cell density in the fermentor without interferring the mix-
ing of the fermentor contents. Sufficient mixing was required
to maintain homogeneity of the bulk phase.
To compare the possible effects of
the diffusional resistances of the gel matrix on the fermenta-
tion kinetics of the entrapped cells, two different sizes of
gel beads were used separately in the continuous fermentations.
The different diameters of the gel beads were obtained by using
drop-forming nozzles having different internal diameters (I.D.)
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in the beading processes. The average diameters of the two
types of gel beads used in this study were 3.8 mm and 5.0 mm.
The former dimension was the smallest gel-bead diameter attain-
able. Attempts to obtain gels having diameters less than 3.8
mm were unsuccessful since distinctdrops of K-carrageenan so-
lution were unobtainable. Instead, strings of K-carrageenan
gel were formed in the KCl solution. On the other hand, the
5 mm size gel beads were formed using a piece of stainless
steel tube, 1/16 inch (1.59 mm) I.D., as the drop-forming
nozzle. Attempts to make larger beads with nozzles with I.D.
larger than 1/16 inch (1.59 mm) resulted with gel-pellets that
were non-spherical. Therefore, for the convenience of later
kinetic analyses, only these two sizes of spherical gel beads
were used in our study.
The initial amount of cells entrapped
in the K-carrageenan gel bead was governed by the maximum val-
ues of the cell concentration and size of the inoculum used in
the bead preparation step. The inocula were obtained from
continuous culture of free cells of C. acetobutylicum. These
inocula yielded more successful and reproducible results than
inocula from batch fermentations. Cells concentrated by cen-
trifugation failed to propagate when entrapped in the gel ma-
trix. The viability of these cells was probably impaired due
to the exposure to oxygen during the centrifugation procedure.
Therefore, unprocessed aliquots of culture harvested from
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continuous fermentation of C. acetobutylicum growing at above
dilution rates of 0.2 hr 1 were used as inocula. The cell con-
centrations in these inocula were typically 2 g/l or above.
The inoculum size, on the other
hand, was limited by the amounts of cations carried over from
the inoculum, which was grown in medium containing potassium
salts. When too large an inoculum was administered to the K-
carrageenan solution, the K+ ions from the medium would cause
premature gelation before individual beads were formed. In
our study, a 5% (v/v) inoculum was determined to be optimal
with respect to the maintenance of the fluidity of the K-
carrageenan solution. The initial concentration of the en-
trapped cells in the gel beads was about 0.1 g/l.
The low initial cell density in the
gel bead was brought up to the desirable concentrations such
that high solvent productivity was attained. In our study,
the high cell densities within the gel beads in the continu-
ous fermentations were brought about by incubating the freshly
prepared gel beads in fermentation medium in batch fashion ini-
tially. When the growth of the entrapped cells started, fre-
quent changes of fermentation medium or conversion to contin-
uous operation were implemented to prevent build-up of products
to inhibitory levels.
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( i) Start-up of Immobilized Cell Ferm-
entation
In Figure 43,the time profile of
the start-up period for the fermentation using the 3.8 mm gel
beads is shown. Immediately after the formation of the gel
beads in the fermentor, the KCl solution was removed and the
fermentor was replenished with fermentation medium. Medium 3,
which contained 70 g/l of glucose was used in this fermenta-
tion. To maintain a sufficient concentration of K+ ions to
enhance the integrity of the K-carrageenan gel beads, NaCl was
replaced by KCl in the media used in the immobilized cell ferm-
entations.
The fermentor was operated in
batch fashion in the first 26 hours with one medium change at
the 23rd hour. During the batch fermentation period, the cell
growth was restricted entirely within the gel beads and the
cell concentration in the gel was increased from 0.1 g/l to 6
g/l. The cell growth was accompanied with product accumulations
in the bulk phase of the fermentor. Interestingly, the patterns
of butanol and butyrate accumulation in the bulk phase during
this period are similar to those of the initial phase of a
free-cell batch fermentation. The butyrate concentration was
found to be above 3 g/l before significant amounts of butanol
were detected in the broth.
After the medium was replaced, the
rate of butanol accumulation increased rapidly, while the
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Figure 43
START-UP OF IMMOBILIZED CELL FERMENTATION
USING GEL BEADS OF 3.8 MM DIAMETER
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butyrate concentration was unchanged. The production of butanol
continued accompanied by small amounts of butyrate when the ferm-
entation was converted to continuous operation when the dilution
rate was set to 0.25 hr 1 . The cell concentration in the gel
also increased rapidly after continuous supply of medium was pro-
vided. The maximum average growth rate of the entrapped cells
was about 0.08 hr- . The cell concentration in the gel reached
over 80 g/l after about 50 hours of fermentation.
The effluent cell concentrations in
the first 40 hours of incubation were less than 0.5 g/l. How-
ever, the effluent cell concentration increased as the cell con-
centration in the gel reached values above 50 g/l. When the
cell concentration in the gel reached 80 g/l, the free cells in
the effluent stream was at 2.5 g/l. The cells in the fermentor
effluent represented the total amount of cells leaked from the
gel bead and the growth of the free cells in the bulk phase.
To provide a clearer picture of the
physical shape and structure of the immobilized cell gel beads,
photographs of the gel bead obtained at various stages of the
start-up period are shown in Figure- 44 . The pictures were taken
through a stage microscope at different magnifications. When
the gel beads were first formed, 0.1 g/l of cells was entrapped
in the gel, and the bead appeared to be transparent with smooth
surface. The entrapped cells were dispersed within the gel
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Figure 44
PHOTOGRAPHS OF IMMOBILIZED CELL PELLETS OBTAINED DURING START-
UP: (a) PHOTOGRAPH OF PELLET WITH 8 G/L OF CELLS, AND (b)
PHOTOGRAPH OF PELLET WITH 60 G/L OF CELLS. THE SCALES SHOWN
IN THE PICTURES ARE 0.5 MM/DIVISION.
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matrix and each patch of cells became the growth point inside
the gel. After a short period of incubation, specks of colo-
nies were seen in the gel bead (Figure 44a).The corresponding
cell density in this gel bead was 8 g/l. As the individual
colonies continued to grow within the bead , the boundaries
of the colonies disappeared and the gel bead was enmassed with
cells making the entire gel bead opaque. The surface of the
bead was also covered with cells (Figure 44b). It was under
this situation that sloughing off of cells from the beads into
the bulk liquid occurred. The cell concentration of the gel
bead shown was at 60 g/l. The entrapped cells were found to
be distributed evenly within the cross-section of the gel ma-
trix when the gel bead was sectioned diametrically.
The dynamic nature of the fermen-
tation kinetics within this start-up period prevented a com-
plete analysis of the experimental data. Nonetheless, the
results of the start-up phase do demonstrate the feasibility
of increasing the fermentor cell density by application of K-
carrageenan gel entrapment to immobilize C. acetobutylicum.
( ii) Continuous Fermentation Using the
3.8 mm Gel Beads
When the cell density in the gel
beads was brought up to 80 g/l, the overall performance of the
immobilized cell fermentor was examined. This was achieved by
increasing the dilution rate stepwise to cover a range from
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0.36 hr to 1.08 hr . At each dilution rate, at least 5 vol-
umes of medium was passed through the reactor before the dilu-
tion rate was increased. The effluent concentrations of the
cell mass, glucose and the products were monitored. Gel beads
were removed from the fermentor occasionally for cell concen-
tration determinations.
The time course of this fermenta-
tion, which is a continuation of the start-up period presented
earlieris shown in Figure 45. For simplicity sake, among the
products monitored, only the concentrations of acetone and bu-
tanol are shown in the figure.
The cell concentrations in the ef-
fluent and within the gel bead remained relatively constant
with respect to the change in dilution rate. The concentra-
tions of acetone and butanol in the effluent maintained the
same ratio at the different dilution rates. The ratio between
the acetone and butanol concentrations was similar to that ob-
tained in free-cell fermentations. These solvent concentra-
tions attainable in the bulk phase decreased with respect to
the increase of the dilution rate. This phenomenon becomes
more obvious when the product concentrations attained at the
end of each dilution rate operation are plotted in Figure 46.
The concentrations of the residual glucose and the cell mass
in the effluent are also included. In addition to the efflu-
ent concentrations of butanol and acetone, only the residual
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Figure 45
THE TIME COURSE OF CONTINUOUS FERMENTATION USING
3.8 MM IMMOBILIZED CELL PELLETS WHICH OCCUPIES
50% OF THE FERMENTOR VOLUME
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Figure 46
THE RESULTS OF THE CONTINUOUS FERMENTATION USING
3.8 MM IMMOBILIZED CELL PELLETS AT DIFFERENT
DILUTION RATES
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glucose concentration was seen to change significantly with
the increase of the dilution rate. Since the medium fed into
the fermentor contained 70 g/l of glucose, the consumption of
glucose decreased from 45 g/l to 30 g/l as the dilution rate
was increased from 0.36 hr to 1.08 hr
In order to compare the influence
of the gel bead size on the fermentation kinetics of the im-
mobilized cells, the discussion of the above results willbe
continued after the presentation of the results from the ferm-
entation using the 5 mm gel beads.
(iii) Continuous Fermentation Using the
5 mm Gel Beads
The fermentation using 5 mm gel
bead was conducted following similar procedures previously em-
ployed for the smaller beads. In this fermentation, medium
containing 100 g/l of glucose was used in the start-up period
as well as a portion of the continuous fermentation. When it
was found that only about 50% of the 100 g/l inlet glucose was
consumed, a medium with 76 g/l of glucose was used for the re-
maining part of the fermentation. In this experiment, dilution
rate range from 0.25 to 1.26 hr~ was employed. The time
course of the continuous fermentation is shown in Figure 47.
The cell density in the gel bead
was brought up to 60 g/l in the period prior to the 110th hour.
Unfortunately, in this experiment the cell concentration in the
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Figure 47
THE TIME COURSE OF CONTINUOUS FERMENTATION USING
5.0 MM IMMOBILIZED CELL PELLETS WHICH OCCUPIED
50% OF THE FERMENTOR VOLUME
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gel was not determined as frequently as in the experiment shown
earlier due to some technical problems encountered during the
fermentation. Only three gel samples were obtained for cell
concentration determinations. The samples were obtained at
the following times: 114, 149 and 172.5 hour, and the cor-
responding cell concentrations in these gel samples were 65,
60 and 62 g/l, respectively. In the experiment using the 3.8
mm gel beads, the cell density within the gel was found to be
relatively constant in the period of the continuous fermenta-
tion. Therefore, it was assumed that the cell concentrations
within the 5 mm gel beads were also at constant values at
about 62 g/l in the continuous fermentation period.
The different concentrations at
the end of each dilution rate when plotted against the dilu-
tion rate (Figure 48) are somewhat different from the results
obtained using the 3.8 mm beads (Figure 46). There are two
major differences between the results for the 3.8 mm and 5 mm
gel beads. First, the maximum cell concentration attained in
the 3.8 mm gel beads was 80 g/l while 62 g/l of cells were en-
trapped in the 5 mm gel bead. Second, the distributions of
products at the respective dilution rates for the two types
of beads were different. More specifically, the concentra-
tions of acetate and butyrate were higher when the larger
beads were used,and at the same time the acetone concentrations
in the bulk phase were consistently lower than those attained
using the 3.8 mm beads.
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Figure 48
THE RESULTS OF THE CONTINUOUS FERMENTATION USING
5.0 MM IMMOBILIZED CELL PELLETS AT DIFFERENT
DILUTION RATES
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The major operational difference
between these two sets of experiments was the bead size.
Therefore, this fact was attributed as the cause to the dif-
ferences in the results. The higher cell concentration attain-
able in the smaller bead was probably due to the reduction of
the diffusional resistances of the substrate and products due
to the smaller bead radius. During the start-up period, given
the similar growth activities for cells entrapped in the two
types of beads, the concentrations of the toxic products in
the smaller bead would be lower than those in the larger bead.
This was caused by the faster transport rate of the products
from the gel bead due to the smaller diffusional resistance.
Therefore, greater extent of cell growth could be achieved
within the gel matrix in the start-up period for the smaller
beads. The quantification of such differences would require
the analysis of the internal environment of the beads during
the start-up period. However, the lack of knowledge regarding
the dynamic behavior of C. acetobutylicum and the complexity
of the resulting mathematical systems deterred such analyses.
The change in the bead diameter
also affects the overall selectivity of the product formation
by the entrapped cells as reflected by the different product
distributions obtained in the two experiments. The selectiv-
ity of product formation is affected by the overall metabolic
activities of the entrapped cells. The analysis of this aspect
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of the immobilized cell fermentation is included in the mathe-
matical analyses of a single immobilized cell pellet presented
in later sections.
In spite of the differences between
the results of the fermentations using different bead sizes,
the overall activities of the two sets of fermentations were
comparable in several aspects. First of all, the volumetric
glucose consumption rates of the fermentors operated at vari-
ous dilution rates are plotted in Figure 49. It was found that
the responses of the overall metabolic activities of the ferm-
entors using 3.8 mm and 5.0 mm gel beads to the change of dilu-
tion rate were similar. In both cases, the glucose consumption
rate reached a maximum value of 30 g/1-hr. This value was
attained at dilution rates equal to 0.7 hr~ or above. The
total metabolic activities of both fermentors plateaued when
dilution rates greater than 0.7 hr~ were used.
A similar response was observed
when the total solvent volumetric productivity (acetone and
butanol) was examined at various dilution rates (Figure 50).
Although the acetone concentrations attained using smaller
beads were higher than that for the larger beads by 1 to 2 g/l,
such differences were not reflected significantly in the
overall solvent productivity. This is due to the fact that
the concentration of the major solvent product, butanol, was
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Figure 49
THE VOLUMETRIC GLUCOSE CONSUMPTION RATE ATTAINED
AT DIFFERENT DILUTION RATES FOR IMMOBILIZED
CELL CONTINUOUS CULTURE, INCLUDING RESULTS
FROM 3.8 MM (0) AND 5.0 MM (0) IMMOBILIZED
CELL PELLETS
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Figure 50
THE VOLUMETRIC SOLVENT (BUTANOL AND ACETONE) PRODUCTIVITY
ATTAINED AT DIFFERENT DILUTION RATES FOR CONTINUOUS
FERMENTATION USING 3.8 MM (0), AND 5.0 MM (0) IM-
MOBILIZED CELL PELLET, IN COMPARISON TO RESULTS
OF FREE CELL FERMENTATION (---A---)
-268-
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not affected by the bead size. The variation of the acetone
productivity was overwhelmed by the constancy of the butanol
production with respect to bead size. The maximum solvent
productivity obtained using the continuous immobilized cell
fermentor was 7.5 g/l-hr, which was three times the maximum
value obtained in a free cell continuous fermentation. The
volumetric solvent productivity obtained in continuous ferm-
entation by free cells is also shown in Figure 50 for compari-
son.
To examine the efficiency of the
entrapped cells converting glucose to the desirable products,
the volumetric productivity of butanol was plotted against the
glucose consumption rate and shown in Figure 51. The slope of
the straight line, representing the average conversion yield
of butanol, was 0.18 g/g of glucose. This -conversion yield for
butanol was comparable to values obtained in free cell fermen-
tations (see Table 5 ). However, due to the varying selectiv-
ity of the other products according to the bead size, their
average conversion yields were not evaluated.
4.2.2.3. Mathematical Analyses of Entrapped
C. acetobutylicum Fermentations
( i) Intrinsic Fermentation Kinetics
The fermentation kinetics of
the entrapped C. acetobutylicum is influenced by the intraparti-
cle environment within the gel bead matrix. The overall meta-
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Figure 51
THE RELATION BETWEEN VOLUMETRIC RATES FOR BUTANOL PRODUCTION
AND GLUCOSE CONSUMPTION OBTAINED FROM CONTINUOUS FERMENTA-
TIONS USING 3.8 MM (0) AND 5.0 MM (0) IMMOBILIZED CELL
PELLETS. THE SLOPE OF THE LINE REPRESENTS THE YIELD
OF BUTANOL FROM GLUCOSE AND IS EQUAL TO 0.18 G/G
(0.44 MMOL/MMOL)
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bolic activities of the entrapped cells observed in the presence
of diffusional effects are referred to as the "effective" activ-
ities. In order to model the effective kinetics of the en-
trapped cells, the intrinsic kinetics of C. acetobutylicum must
first be established. A model describing the free cell kinetics
for C. acetobutylicum was presented in Section 4.1.4. This
model, expressed mathematically, along with the details of the
interrelationships of the kinetic parameters are summarized in
Table 11.
The model is, in reality, the
combination of two sub-sets of relationships which incorporate
the product inhibition and the fermentation kinetics. In batch
fermentation studies, expressions were obtained to describe the
growth inhibitory actions of butanol/butyrate and acetate. In
order to evaluate the cell growth rate, p (or p), when butyrate,
butanol and acetate exist, the individual inhibition models for
butanol/butyrate and acetate were combined in a collective form
and expressed as:
- 01 B
= 
- 2~ [exp 3 ~PA)
The validity of this expression was tested through simulation
and comparison with the results in the continuous fermentation
of the free cells. The major assumption used in this simulation
Table 11
SUMMARY OF MODEL DESCRIBING THE INTRINSIC FERMENTATION
KINETICS OF C. ACETOBUTYLICUM
Interrelationship Mathematical Expression Constants a
A. Product Inhibition
Butanol/Butyrate, PB I 2 B = 0. 10; 2 = 180 mmol/1
Acetate, PA [exp 3 PA 0.0096 mmol/l
Combined Model = -1) . exp(-3 PA) Same as above
B. Fermentation Kinetics
Sp. glucose cons. rate, q + = 2.7 mmol/g-hr;
q and growth rate, 1s 2 a 2 32.0 mmol/g
Sp. butanol/butyrate q = 6  . q6 = 0.55 mmol/mmolprod., q B and qS B 1
Sp. butanol prod., qB 1 = Chebyshev Poly. 1 (qS) ai = 3.1 ; a 2 =-0.35; a 3 =-1.25;
qB1 and q a = 0.67; a5 = 0.35
Sp. butyrate prod., qB 2= Chebyshev Poly. 2 (qS) a = 7.5 ; a2 = 4.3 ; a3 = 0.44;
qB2 and qS a4 =-0.86; a5 =-0.37
Sp. acetate prod., A= 6 . 62 = 0.25 mmol/mmol
qAand q
a Constants were evaluated for production concentrations in mmol/l, cell concentrations in g/l and
time scale in hour.
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was that constant yields of butanol/butyrate and acetate were
maintained and independent of the cell growth rate. This
assumption is quite reasonable in view of the results from
batch fermentation studies. The results from this simulation
(included in Appendix 3) showed that the collective inhibition
model adequately predicted the attainable concentrations for
butanol/butyrate and acetate in continuous fermentations when
glucose is in excess.
The kinetic parameters on
the cell growth rate, glucose consumption rate and the pertin-
ent product formation rates are related to one another. These
interrelationships were established from the results of the
free cell continuous fermentations. Most of the relationships
as seen in Table 11 are linear functions. The sum of the pro-
duction rates for the two butyl products could also be linearly
correlated to the glucose consumption rate. However, due to
the regulatory effects of glucose consumption on the selectiv-
ity between butanol and butyrate production, linear relationship
for these products could not be obtained. Instead, these are
modelled using fourth degree Chebyshev polynomials. The poly-
nomials are used because of the smoothness of these functions
which are more amenable to mathematic manipulations as required
in subsequent procedures using iterative methods.
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ii) Intraparticle Diffusion
In order to quantify the ef-
fects of intraparticle diffusion within the gel, it was neces-
sary to determine the diffusivities for the fermentation prod-
ucts and glucose in the gel. An experimental technique and the
mathematical solutions for the drying of porous solids under
unsteady state conditions (Newman, 1931) were used. In brief,
the compound of interest is first impregnated in the gel. The
rate of loss of the compound from the gel beads was evaluated
when suspended in an excess volume of aqueous solution. The
concentration of the diffusing compound was maintained at low
values relative to its concentration in the gel to simplify the
calculations.
Cell-free gel beads of 3.8
mm diameter were impregnated with a measured amount of radioac-
tive form of the compound under investigation. The initial con-
centration of the compound in the gel was designed to approxi-
mate its concentration during fermentation. Through liquid
scintillation counting on the radioactivity of the compound,
high accuracy can be achieved. Typically, only 10 beads (0-28
ml) were required for each concentration determination. In
addition, due to the small volume occupied by the gel beads a
large volume ratio between the surrounding fluid and the gel
beads can be maintained. For example, a volume ratio of 160:1
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was used in our study. Due to the large relative volume of the
surrounding fluid, the concentrations of the diffusing compound
is maintained at near-zero values in the fluid during the dif-
fusional measurements. Thus, the ambient concentration of the
compound could be considered constant and equal to zero, simpli-
fying the diffusivity calculation.
The compounds examined were
glucose, butanol, acetate and ethanol and were all labelled
with 14C. The compounds were studied singularly and their re-
sults are shown in Figure 52. The average residual concentra-
tions of the compound in the gel (ct) were normalized to its ini-
tial concentration in the gel (c0 ). From the experimental data
in this figure, the individual diffusivities were calculated.
The values obtained at the different times were averaged to
yield an average diffusivity for the compound. The average
diffusivity was then used to calculate the diffusion time course
as represented by the solid line in the figure.
The average diffusivities for
the compounds studied are summarized in Table 12. Along with
these measured values, the estimated values of the diffusivi-
ties for these compounds in water are also included. The esti-
mated values were calculated according to the empirical formula
proposed by Wilke and Chang (1955). The actual and calculated
values differ from one another by ±20%. It is noted that the
estimation procedure involves an error of 10-15%. Therefore,
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Figure 52
TIME PROFILES FOR DIFFUSIONAL LOSS OF (a) GLUCOSE
AND BUTANOL, AND (b) ACETATE AND ETHANOL, FROM
K-CARRAGEENAN GEL BEADS
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Table 12
DIFFUSIVITIES FOR GLUCOSE AND FERMENTATION PRODUCTS
IN K-CARRAGEENAN GEL AND WATER
Measured Diffusivity
in Carrageenan Gel
(cm 2 /sec)
Diffusivity
in Water
(cm 2 /sec) a
Glucose 7.0 x 10-6 8.9 x 10-6
Ethanol 2.0 x 10-5 1.7 x 10-5
Butanol 1.3 x 10 5 1.2 x 10-5
Acetic acid 1.3 x 10-5 1.6 x 10-5
a Wilke and Chang estimation.
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it can be concluded that the diffusivities in the K-carrageenan
gel are equal to their corresponding values in water for prac-
tical purposes. This conclusion is consistent with the struc-
ture of K-carrageenan gel which is composed mostly with water
entrapped by the gel matrix.
(iii) Formulation of the Material
Balance Equations for the
Immobilized Cell Gel Bead
The attainable concentrations
of acetone and ethanol from free cell fermentations were shown
to be much lower than their growth inhibitory concentrations.
These two compounds were therefore excluded from the product
inhibition model due to their negligible inhibitory effects. It
was therefore assumed that the inhibitory actions exerted by
acetate, butyrate and butanol were dominant. It was further
assumed that the product inhibition model on cell growth applies
in the gel bead as that in free solution provided that no nutri-
ent limitation exists. Consequently, the fermentation of the
entrapped cells can be described by using material balances on
glucose, acetate, butyrate and butanol in the gel bead. The re-
sulting distribution of metabolic activities within the gel bead
could then be used to evaluate the concentrations of acetone and
ethanol.
The other concern in model-
ling of this system is the cell concentration in the immobilized
state. The attainable immobilized cell concentration within the
-281-
gel beads was found to be dependent only on the radius of the
gel beads. Once the maximum immobilized cell concentration was
reached, it remained relatively constant with respect to the di-
lution rate and product concentrations in the bulk phase. For
simplicity, the cell concentration in the gel bead was assumed
to be constant according to the bead size. The cells entrapped
were further assumed to be evenly distributed within the gel
bead during continuous fermentations. This assumption could not
be experimentally verified. This assumption, however, was be-
lieved to be reasonable due to the observations in the initial
growth patterns within the gel bead during the start-up period.
Specifically, the inoculated cells distributed evenly in the gel
bead and acted as individual growing points inside the gel bead.
The resulting colonies expanded until their boundaries merged.
The beads with high cell density were sectioned diametrically
and cells were seen to distribute over the entire cross-section
of the bead.
The mathematical formulation to
describe the effective kinetics of the entrapped cells was
facilitated by the following additional assumptions: (1) the
gel bead is isothermal; (2) the intraparticle diffusion for all
compounds can be represented by the Fick's law; (3) the diffus-
ivities are constant; (4) the diffusions for H+ and OH~ in the
gel are rapid so that a constant pH is maintained within the
gel bead; (5) the kinetics of the entrapped cells are identical
to the free cells; and (6) steady state conditions exist.
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The mathematical representa-
tion was formulated by making shell balances for glucose, bu-
tanol, butyrate and acetate on a spherical shell of thickness
Ar within the gel bead (Figure 53). By letting Ar approaches
zero, four non-linear simultaneous equations emerged corres-
ponding to each of the components considered; and they are:
(Butanol)
(Butyrate)
(Acetate)
(Glucose)
d2 PdP 'Xq BdPBl 2 _ Bl 9 B
2 + - -r
dr2  r dr DBl
B2 + 2 B2 _ _ 9 B2
dr2 r dr DB2
d2P A
dr 2
dr2
2 dP A
r dr
+ 2 dS
r dr
X q
DA
X qs
D
5
This set of equations is sub-
jected to two sets of boundary conditions. The first set of
boundary conditions exists at the center of the sphere (r = 0)
where the gradients of the variables are equal to zeros due to
symmetry. That is:
(1)
(2)
(3)
(4)
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Figure 53
A SCHEMATIC MODEL OF THE IMMOBILIZED CELL PELLET
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dPBl PB2 PA dS 
atr = ,' idr d dr dr (B.C.l)
The second set of boundary conditions is at the surface of the
bead (r = R). The concentrations for the compounds are related
to their respective concentrations in the bulk phase according
to the external mass transfer characteristics and the respective
partition coefficients for the compounds between the gel and the
bulk solution. As a first approximation, the partition coeffi-
cients for all the species are assumed to be identical and equal
to unity. This then leads to the boundary conditions of the
third kind which can be applied to the surface of the bead.
Thus, the second set of boundary conditions are:
dPBl kBl
atr = R, dr D Bl Bla Blo 'Bl
dP B2 kB2
dr ~ DB2 B2a B2o '
dPA kA
dr D Aa Ao
A
dS - Sa S ) (B.C.2)a? Sa
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where k's are the external mass transfer coefficients, and the
concentrations subscripted with o's and a's refer to the con-
centrations at the surface of the bead and those in the bulk
phase, respectively.
To facilitate the subsequent
mathematical manipulations, the variables are transformed to
dimensionless forms using the following scaling factors:
x = r/R
YBl - Bl1 Sf
YB2 
= B2 Sf
YA PA /Sf
= S/S f
Bl qBl 1sa'
T B2 qB2 /sa'
A qA qsa
s ~ s /sa
where Sf is the feed glucose concentration in a continuous ferm-
entation, and q sa is the consumption rate of glucose in the bulk
phase. When the above variables are substituted into equations
(1) to (4) and the boundary conditions, the following system of
equations are obtained:
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(Butanol)
(Butyrate)
(Acetate)
(Glucose)
dx 2
d YB2
2dx 2
d2YA
d2 
dx 2
dx2
2 dYBl
+ x dx
2 dYB 2
+ dx
dYA
+ 2
x
2 dY
x dx
and the boundary conditions become:
at x = 0,
dYB2
dx
dYA
dx
dY S
= BiBl (YBla Blo)'
= BiB2 (YB2a B2o)'
= BiA (YAa 
-Ao'
= Bi (Y -Y
s -..a so
= 0 (BC.l.a)
(B.C.2. a)
= hB1 (5)
= hB 2
2 (6)
= hA 2 (7)
(8)h2
= s
dY Bi
dx
at x
dYB1
dx
dYB
2
dx
dYA
dx
dY
dx
= l'
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The dimensionless groups which appeared in the above differen-
tial equations are defined as:
22 2
h 2 gR q=sa h 2 X qsa' h 2 X R qsa- h 2 X R qsaS Sf Ds Bl S DBl B2 S DB2' A S fDA
(reaction modula squared)
and,
. k R kBlR kB 2 R kARBis D_; Bil .D; BiB -; BiA
s Bl B2 A
(Biot numbers for mass transfer)
The modulus squared (h 2
for the glucose equation can be rearranged to become the ra-
tio between two terms, R 2/D and S f/X qs. The first term
represents the characteristic time for the glucose diffusion
within the gel bead. The second term is the characteristic
time of the glucose consumption by the entrapped cells. For
fast diffusion, the characteristic time for diffusion is small,
and thus small value of the modulus results. On the other
hand, for fast glucose consumption, indicated by small value
of Sf/X gs , the modulus is large. Since the overall metabolic
activities of C. acetobutylicum during glucose fermentation are
reflected by the glucose consumption of the cells, the glucose
modulus thus measures the relative importance of the internal
diffusion for glucose and the metabolism of the cells.
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The Biot numbers appearing in
the boundary conditions of the bead surface have the following
physical meanings. The Biot number for glucose can be regarded
as the ratio of two terms: R 2/D and R/k . The first term,
similar to the diffusion expression in the modulus, and is the
characteristic time for internal diffusion in the bead. The sec-
ond term is the characteristic time of the external mass transfer.
Thus, a large Biot number indicates that the internal diffusion
is more important than the external mass transfer, and vice
versa for small Biot number.
In the continuous stirred
tank fermentor, the mass transfer coefficient for glucose, and
the products can be estimated by using the settling velocity of
the gel beads and other properties of an aqueous solution
(Satterfield, 1970). The mass transfer coefficients thus ob-
tained were found to be a couple of orders of magnitude larger
than the respective diffusivities in the gel. The Biot numbers
obtained by the combinations of the internal and external mass
transfer coefficients and the bead radius used in the experi-
ments are in the range of 100 to 200. The high values of these
numbers allow the assumption that the concentrations for the
compounds at the surface of the bead are equal to those in the
bulk phase. This assumption simplifies the boundary conditions
to become:
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at x= Of dYB1 dY B2 dYA dY5  - (B.C.lb)dx dx - dx - dx
at x = O' dxdxd Y Y~dx = 0 (B.C.lb)
at x-= 1, YBl Bla' B2 B2a' A = Aa' s sa (B.C.2b)
The existing differential equa-
tion system belongs to the class of two-point boundary-value prob-
lem. Ideally, the effective fermentation kinetics of the immob-
ilized cell beads could be analyzed by obtaining simultaneously
the solutions to equations (5) to (8), subjecting to the two
boundary conditions, B.C.lb and B.C.2b. The system of equations,
however, cannot be solved analytically due to the non-linearity
of the equations. Generally, numerical methods coded for compu-
ter operations are required to the solutions of these equations.
There are several methods developed especially for solving non-
linear two-point boundary value problems, and these methods
have been reviewed by Keller (1976), Hall and Watt (1976), and
Fox (1978). The successful application of any of these methods
requires a good understanding of the mathematical equations in-
volved. A finite difference method with deferred correction and
continuation procedures (Pereyra, 1979) was used to the solutions
of the equations, but was met without success. The finite dif-
ference method failed to converge to any acceptable solutions
when the parameters obtained experimentally were used in the
mathematical model. The failure was probably caused by the in-
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stability of the equation system when iterative procedures were
used.
Since the main objective to
analyze the immobilized cell mathematically is to provide infor-
mation regarding the kinetic behavior of the immobilized cells,
the challenges to examine the mathematical properties of the
existing equations system and to provide suitable numerical
methods to solve the equations were forsaken. The needed infor-
mation might be derived from equation systems simplified from
the existing equations. The simplification was achieved by
assuming that butanol and butyrate can be regarded as one single
product. This assumption is substantiated by the following char-
acteristics of butanol and butyrate with respect to the fermenta-
tion process: (1) the combined production rate of butanol and
butyrate is proportional to the glucose consumption rate; (2)
butanol/butyrate concentration is regarded as a single parameter
in the product inhibition model; and (3) the diffusivities for
butanol and butyrate are similar in water, and are within 20%
of each other.
When butanol and butyrate are
regarded as a single product with an effective diffusivity, DB'
the kinetic expression relating the productivity of butanol/
butyrate to glucose consumption (q B = 61.qs) can be applied to
the immobilized cell system. The original four differential
equations could then be replaced by the following equations:
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(Butanol/Butyrate)
(Acetate)
(Glucose)
d2 Y
dx 2
d2 Y
dx 2
2
dx2
+2 dYl1 'Yh 2T
+x dx l ss
2 dY2 2
x dx 2s s
2 dY3 2
x dx s s
(9)
(10)
(11)
and the boundary conditions are:
dY dY2 dY3
at x= 'dx dx dx 
-0 (B.C. l.c)
at x = , Yl = Yla' 2 = Y2a' 'Y3 3a (B.C.2.c)
The dimensionless variables are redefined in these equations
for easier reference, and they are:
1 =(Bl + PB2 /Sf; Y2 = PA /Sf; Y 3 = SSf
The new dimensionless constants used in the equations are
and Y2' and are defined as:
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Ds 
D
1 1 - = 6 2 D~B A
From equations (9), (10) and
(11), the values of Y and Y2 can be expressed in terms of Y3
and Y3a by eliminating the h s2s from these equations. Inte-
gration of these equations and using the boundary condition,
B.C.lc can then be attempted. The values of Y and Y2 within
the gel are:
Y - Y la + y1 (Y3a - Y3 ) (12)
Y2 2a + y2 (Y3a - Y3 ) (13)
During steady state, the product concentrations in the bulk phase
are functions of the yield factor and the glucose concentration.
In dimensionless forms, they become:
Yla = 1 (1 - Y3a) (14)
Y2a = 62 (1 - Y3a (15)
Combining equations (12) and (14), equations (13) and (15), the
following equations are obtained:
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(16)1 = 6i (1 - Y3a) + 61 Y33a - Y3 )
Y2 62 ( 3a) + 62 3a ~ 3 (17)
These two equations can be directly substituted in the product
inhibition model, which is used to calculate the growth rate and
the glucose consumption rate; therefore,
Sqs f (Y1 ' 2 3' 3a
s q f (Yla' 2a f Y 3a
(18)
In other words, the immobilized cells kinetic model is now re-
duced to:
d2Y3  2 dY3  2
dx + x dx- h s
at x = O,
at x = 1,
dY
3
dx = 0 (B.C.l.d)
(B.C.2.d)Y 3 Y3a
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( iv) Overall Metabolic Activities
of Immobilized Cell Pellet
At this point, it is useful
to review the goals of the mathematical analyses of the immob-
ilized cell system. The analyses of the individual immobilized
cell pellet were designed to reveal two main aspects regarding
the reactivities of the entrapped cells. First, it was desired
that the influence of the intraparticle diffusion on the overall
activity of the individual immobilized cell pellet be analyzed.
Second, through the mathematical analysis, the local metabolic
activities of the entrapped cells can then be assessed. This
information is useful in obtaining a better overall understand-
ing of the immobilized cell continuous fermentations.
To examine the overall meta-
bolic activity of a single immobilized cell pellet, the concept
of effectiveness factor commonly used in chemical reaction en-
gineering for porous catalysts is applied to our system. In
this study, the effectiveness factor, n, is defined as the ratio
of the total metabolic activity of the entrapped cells in the
gel bead to that which would occur if all of the entrapped cells
were exposed to the external conditions of the gel bead. The
metabolic activity of the cells has been shown to be proportional
to the glucose consumption rate. In this case, the effectiveness
factor is the ratio between the total glucose consumption rate
of the entrapped cells in the gel bead to the potential glucose
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consumption rate for all the entrapped cells if they were ex-
posed to the conditions in the bulk phase. For a gel bead of
radius, R, and a cell concentration of X g the total glucose
consumption rate of the entrapped cells in a single gel bead,
Qg, can be evaluated by using the Fick's law at the surface of
the bead as:
Q = 4 H R Ds r = R(19)
Using the same notations employed earlier, the maximum potential
for the rate of glucose consumed by the entrapped cells under
bulk phase conditions, Qa' is:
4 3Q =- R X q (20)a 3 g sa
The effectiveness factor, TI,
by definition is equal to Qg/Qa. By using the definition of the
modulus h,, the expression can be simplified to:
3 dY3
TI = -- . x -- (21)
h
S
Thereby, the effective fermentation kinetics of the entrapped
cells could be evaluated for a given hs if the gradient of Y3
at the surface of the gel bead could be calculated.
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The evaluation of the grad-
ient of Y3 can be approached by solving equation (11) according
to the two boundary conditions (B.C.l.d) and B.C.2.d). Though
the original four-equation system describing the immobilized
cell fermentation kinetics was transformed to a single equation,
the mathematical properties of the differential equation were
essentially unaltered. To achieve the transformation, the var-
iables representing the concentrations for butanol and butyrate
were summed to one value. This combination of the two concen-
trations, however, did not change the basic kinetic expressions
including the product inhibition model and the yields of the
products. Therefore, the nonlinearity caused by-the rate expression
Ts, was retained in the differential equation. Since the single-
equation system is still a two-point boundary value problem, the
nonlinearity prevented an analytical solution. Nonetheless,
numerical methods have been developed for nonlinear single-
equation systems describing other different reaction kinetic ex-
pressions in porous catalysts. Though the basic reaction rate
expressions are different from the one describing the immobilized
cell system, approximate solutions are more likely to be attained
by applying similar techniques to the immobilized cell equation.
Before the details of the nu-
merical methods and their results are described, it is important
to note the different definitions of the concentration variables
in our analysis to those generally used in analyses of reaction
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kinetics for porous catalysts. In general, for single-pellet
analyses, the concentrations in the differential equations are
scaled to their dimensionless forms using the reactant concen-
tration in the bulk phase as the reference concentration (see
examples in Satterfield, 1970; Aris, 1975). By doing so, the
external reactant concentration is normalized to equal unity in
its dimensionless form. In our study, the glucose concentration
in the feed stream of a continuous fermentor is used as the ref-
erence concentration. By defining the concentration variables
this way, the results of the immobilized cell pellet analysis
would be dependent on the feed concentration of the continuous
fermentation. Also, the external concentration of the reactant,
Y3a becomes an independent variable in our immobilized cell
analysis. The ability to quantify the overall metabolic activ-
ity of the immobilized cell pellet in terms of the feed concen-
tration, Sf, and the residual (bulk phase) concentration of glu-
cose, Y3a' is essential in the evaluation of the overall perform-
ance of the immobilized-cell fermentor. This would be presented
in the later sections.
The solutions for equation
(11) were approached by two different methods, and they were:
(1) the asymptotic approach, and (2) conversion to initial value
problem (I.V.P.). The solutions obtained by the former method
are approximate solutions which are more accurate for large
values of hs. The initial value problem solutions could be con-
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sidered as the exact solutions to equation (11). However, solu-
tions are obtainable by this method for small values of hs. The
ranges of hs applicable to these methods are dependent on the Sf
and Y3a, and their interrelations will become more bovious after
the results are presented.
First, the derivation of the
asymptotic approach to solve equation (11) is discussed and this
method has been discussed in detail by Petersen (1965). The
method, as implied by its name, estimates the asymptotic solu-
tion to equation (11). It was implemented by first transform-
ing equation (11) by substituting x by (1-z). Thus,
d2Y 3  2 dY 3  h 2
- - h W (22)
dz2  1-z dz s s
For large values of hs, the second term of the above equation is
eliminated through order of magnitude analysis. Therefore, equa-
tion (22) can be expressed as:
d2Y 3  2
= h 2 (23)
dz2 s s
and the boundary conditions are:
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at z = 1, Y3 =Y3c (B.C. l.e)
at z = 0, Y3 Y3a (B.C.2.e)
where Y3c is the dimensionless glucose concentration at the cen-
ter of the bead. Since hs was assumed to be large, the reaction
within the gel bead would be in the diffusion-limiting regime.
Under these conditions, the reactivities of the entrapped cells
near the center of the bead would be limited due to either the
depletion of glucose or the build-up of toxic products beyond the
tolerable limit. These two conditions could be translated into
the following expression:
Y3c = max [0, Y3*] (24)
where,
Y = Y + 6 (1 - Y a (25)3 3a 1 3a y(l+ 1 ) (
*
Y 3 is calculated from the product inhibition model which equates
the growth rate to zero near the center of the bead.
Interestingly, Y3a' the ex-
ternal glucose concentration in the bulk phase, was established
as an independent variable in this analysis. Its lowest attain-
able value in a continuous fermentation is limited similarly as
its concentration in the gel-bead center. The minimum Y 3a attain-
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able in the bulk phase, denoted by Y 3am is either zero (complete
utilization) or:
1 2 f(26)
3am - * (1+)26)
Equation (26) corresponds to an external product concentration
at which growth rate is zero. Thus, if Y3a in the bulk phase is
lower than Y 3am' the immobilized cell activity would cease com-
pletely according to the kinetic model.
Solutions to equation (23) in
terms of the gradient, Y3, could be obtained by substituting
$ = dY3/dz into the equation. The resulting equation can be in-
tegrated using the boundary conditions, B.C.l.e and B.C.2.e.
Under these conditions, the gradient of Y3 at x = 1 can be shown
to be:
~3adY x=l = hs 2f Ts dY3 1/2 (27)
Y3c
The effectiveness factor, TI, for large values of h could then
be calculated according to the following expression:
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Y3a
1= 2 3 s dY 1/ 2  (28)
hS .f3
Y 3c
The ability to evaluate rj relies on the existence and the in-
tegrability of the integral in equation (28). The rate expres-
sion Ts could be expanded into its final form by substituting
all the required kinetic expressions as summarized in Table 11.
It can be shown that within the range Y3c and Y3a as defined by
equations (24) and (26), the integral of Ts is non-singular.
The final expression of T s, however, would be too complicated
for its integral to be evaluated analytically. Therefore,
numerical method was employed to integrate the final form of T'
In this study, a general purpose integrator using the Gauss 10-
point and Kronrod 21-point rules was used. The method was a
prepared program, DO1AJF, from NAG Library and was coded in
FORTRAN language.
The relationship between a
and hs according-to equation (28) was examined using three dif-
ferent Sf values. They were 389, 422 and 556 mmol of glucose/l.
These were the feed glucose concentrations used in the continu-
ous fermentations using the immobilized cell pellets. Some of
the asymptotic solutions using Sf = 422 mmol/l are shown in Fig-
ure 54. In this case, solutions were obtainable for Y3a values
ranging from 0.295 (Y3am) to 1.0 (the feed concentration). Only
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Figure 54
ASYMPTOTIC SOLUTIONS FOR IMMOBILIZED CELL PELLET USING
S = 422 MMOL/L AND Y = 0.4, 0.5 AND 0.7, RESPECTIVELY
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the solutions for three Y3a values (0.4, 0.5, 0.7) are shown
in the log p versus log hs plot. The asymptotes are parallel
to one another and have slopes of -1 in this log-log plot. The
distinction of the solutions from each other could be made by
examining the values of hs at which the asymptotes intercept
p = 1.0. These values, defined here as h - can be calculatedSl
directly as:
Y3a
h = 3 [2f dY3 1/ 2  (29)
Y3c
They are dependent on Y3a' as indicated by the limits of the in-
tegral in equation (29). Also, hsi depends on the value of Sf,
the reference concentration, which not only affects the values
of Y3 but it also affects the kinetic parameters embedded in TS.
The dependencies of hsi on Y3a and S are shown in Figure 55,
which serves as a summary of the asymptotic solutions using the
three S values. The Y3a range for Sf = 556 mmol/l covers from
0.465 (Y3am) to 1.0.
The derivation of the asymp-
totic solution was based on the assumption that hs are suffi-
ciently large to effect diffusion-limiting kinetics. Therefore,
the asymptotic solutions incurred the largest error when the
values of h5 are near hsi, at which the effectiveness factor is
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Figure 55
THE RELATIONSHIPS BETWEEN h s, Y3a AND S
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near 1.0, signifying no diffusional effects. The question as to
how large hs has to be for the asymtotic solution to be applic-
able could not be answered without additional information re-
garding the solutions to equation (11), which is the exact equa-
tion describing the immobilized cell kinetics in a spherical
pellet.
In order to obtain numerical
solutions to equation (11), it was converted to an initial value
problem (I.V.P.) according to procedures for non-isothermal re-
action kinetics in porous catalysts presented by Weisz and Hicks
(1962). In this method, the independent variable, x in equation
(9) was substituted by a new variable az. The equation was then
transformed to:
d2 3 2 dY3 2 2
dz2  + z dz = a hs s (30)
The first set of the boundary conditions, at x = 0, was conver-
ted to the initial conditions of the differential equation (28).
That is,
dY3  *
at z = 0, dz= Y =Y (B.C.l.f)dz 3 3c
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The strategy to obtain solu-
tions corresponding to the original two-point boundary-value
problem is summarized in a flowchart shown in Figure 56. The
2 2
calculation is initiated by inputting a hs as a single param-
* *
eter along with a guessed value of Y3c* The value of Y3c' Of
course, could not be lower than Y 3c as determined by equation
(24). Otherwise, the integration of equation (30) could not be
properly initiated at z = 0 since negative values of metabolic
activity would result. The integration of equation (30) is aimed
to find a distance z0 at which the second boundary condition of
the original problem is fulfilled and this is when Y3 = Y3a*
At that point, according to the boundary condition, x will be
equal to 1.0. By using the definition of x = az:
a = 1/z0  (31)
Consequently,
h = z0 [a2hs2 11/2 (32)
and,
dY3  1 dY3  (33)
dx z dz 0
The effectiveness factor, n, according to equation (21) could
then be calculated to be:
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Figure 56
FLOWCHART OF INITIAL VALUE METHOD
TO SOLVE EQUATION (30)
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START
INPUT:
h a2, y
SOLVE EQN.(30) AS
AN IV.R USING
GEAR METHOD UNTIL
Y3= Y , at Z= zo
= /zo ,hs= zo ( hP-aa-)va
3 dY
77q hzo dz Iz=zo
PRINT PROFILES
AND CALCULATE
PRODUCT SELECTIVITY
BY
NUMERICAL INTEGRATION
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3 dY 3
1 = 2 * (34)h2 z
s 0 Z=Z
0
The strategy outlined above
was conveniently implemented by using a FORTRAN subroutine,
D02EGF, which was supplied by NAG Library stocked at M.I.T.
Computer Center. The subroutine integrates a system of ordin-
ary differential equations, supplied by the user, using a vari-
able-order variable-step Gear method. The Gear method was es-
pecially suitable for solving stiff systems of differential
equations (Hall and Watt, 1976). In our system, the stiffness
of the equation increases as the hs value increases forcing the
component involving the first derivative in the equations to de-
cay much faster than the other components in the equation. The
subroutine employed also has the feature that the program would
automatically integrate the equation until a specified component
reached a given value. The accuracy of the solution to the
equation depends on the tolerance specified in the integration
routine. To ensure the accuracies of the obtained values of z0
and dY3/dzl z-z, the equation was solved twice using two differ-
ent tolerances. The results obtained in these two integrations
were compared, and the results were rejected if the relative
difference between the z values was over 10~4.
The z values obtained de-
pended on the input values for a2h 2 and Y3c. In the case when
5 c
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*
hs is larger than h i, the Y3c approaches Y3c* Thus, the closer
*
the values of Y3c to Y3c were input to initiate the calculation,
*
the larger hs would be obtained. The closeness of Y3c to Y3c is
limited by the lowest acceptable tolerance useable in the Gear
method. In our study, the lowest tolerance acceptable by the
Gear method is about 10-15 and this is also the accuracy Y3c
could be input into the program. The final outcome of hs, and
subsequently n, is therefore limited to a certain range of values
*
because of the limited accuracy useable for Y3c. In general, in
the calculations of the immobilized cell kinetics, values for ra
less than 0.5 were difficult to obtain. The corresponding h5
depended on the values of S and Y3a used in the calculation.
The solutions to equation (11)
obtained by applying the I.V.P. method with Sf = 422 and Ya = 0.4
are shown in Figure 57 along with the asymptotic solution. It is
fortunate that the range of hs covered by the I.V.P. solutions
complements the asymptotic solutions. The I.V.P. solutions were
obtained at hs values nearest to hS, where the asymptotic solu-
tions were least accurate. The I.V.P. solutions to equation (11)
were also obtained for Sf equals to 556 and 389 mmol/l with vari-
ous values of Y3a* These solutions are summarized in Figure 58.
As pointed out earlier, be-
cause of the definitions of the concentration variables, the
solutions of the differential equations describing the immobil-
ized cell kinetics are dependent on the values of Sf and Y3a*
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Figure 57
THE EFFECTIVENESS FACTOR, p, AS A FUNCTION OF REACTION
MODULUS, hS, CALCULATED FROM SOLUTIONS OBTAINED WITH
INITIAL VALUE PROBLEM CONVERSION (I.V.P.) METHOD
USING S = 422 MMOL/L AND Y 3a 0.4
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Figure 58
THE EFFECTIVENESS FACTOR, r, AS A FUNCTION OF THE MODIFIED
MODULUS, m. THE RESULTS ARE OBTAINED BY COMBINING SOLUTIONS
OBTAINED BY THE ASYMPTOTIC METHOD AND THE INITIAL VALUE PROB-
LEM CONVERSION METHOD USING S VALUES OF 389 MMOL/L (A), 422
MMOL/L (0) AND 556 MMOL/L (0 )
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The solutions using various Sf and Ysa values, however, could be
consolidated by using a modified modulus, m, which is defined as:
m = h /h . (35)
s Sl
The use of h (equation 29) as the normalizing factor could be
best understood by re-examining the asymptotic solutions (Figure
54). By dividing the modulus, hs, by hsi for each value of S
and Y3a' the parallel asymptotes become a single line represen-
ted by the dotted line in Figure 58. The solutions obtained
using the I.V.P. methods were normalized using the same factors
and are shown in the same figure as the individual datum points.
The results shown in Figure
58 revealed that the asymptotic solutions of equation (11) are
applicable for values of m greater than 2.0. The effectiveness
factor, nI, at m equal to 1.0 is about 0.65 as opposed to 1 sug-
gested by the asymptotic solution. This means that an error up
to 50% resulted from the asymptotic solutions at m near 1.0.
On Figure 58, the following
function is also included:
-= tanh m (36)
m
The values from this equation are shown as one of the solid lines
in this figure and are seen to fit closely to the solutions ob-
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tained by the I.V.P. method. The difference between equation
(36) and t-he I.V.P. solutions in the n range from 0.7 to 0.8
is less than 2%.
It is interesting to point
out that equation (36) is the solution for a first order reac-
tion in a slab. In this case, m is the Thiele modulus. The
solution for a first order reaction in a spherical catalyst,
using a modulus corrected for its geometric shape with respect
to a slab would be:
s tanh 3m m (37)
This equation, however, does not fit as closely to the I.V.P.
solutions as that from equation (36). Therefore, for practical
purposes, equation (36) is used to describe the solutions to
the immobilized cell kinetics.
The uniqueness of the solu-
tions to equation (11) was assured by examining the derivatives
of T (Y 3) with respect to Y3. The derivative was found to be
greater than zero for positive values of Y1 , Y2 and Y3. This
condition has been shown to be sufficient to ensure that multiple
steady states do not exist for equation (11) (Luus and Amundson,
1967).
In summary, the effective
fermentation kinetics of entrapped C. acetobutylicum in K-
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carrageenan gel beads can be described by using the effective-
ness factor, n, and:
-= tanh m (36)m
where m is defined as:
h
m S (38)
3 [2f 3a YsdY3 ]"1 2
Y3c
( v) Distribution of Metabolic Ac-
tivity within the Immobilized
Cell Pellet
In addition to the overall
performance of the immobilized cell pellet, we are also interes-
ted in the distribution of the metabolic activities of the en-
trapped cells in the gel bead. This knowledge would further
enable us to see the influence of the metabolic activities on
the selectivity for the various products. Between the two numer-
ical methods used to solve the diffusion equation for the immob-
ilized cell kinetics, only the solutions from the I.V.P. method
are useful in providing information regarding the distribution of
the local activities. This is because the asymptotic approach
only provides the end-point solution at the surface of the gel
bead.
-321-
To examine the distribution
of metabolic activities in the immobilized cell pellet, the pro-
files for glucose and the products must be obtained. The pro-
cedures to obtain these concentration profiles and the metabolic
activity profiles are summarized in the following manner:
(1) For each successful solution of an I.V.P. pro-
cedure, the equation was integrated again to provide a profile
of Y3 along the x axis.
(2) The value of Y3 at each point in the pellet
was used to calculate Y and Y2 according to equations (16) and
(17).
(3) The resulting Y1 , Y2 and Y3 at each point in-
side the pellet was used to calculate the local growth rate of
the entrapped cells using the product inhibition model (Table
11).
(4) The corresponding local specific productivities
for butanol, butyrate and acetate inside the pellet could be eval-
uated once the growth rate was known. The evaluations were
achieved using the interrelationships established in the basic
kinetic models.
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The profiles for the component
concentrations and the local metabolic activities are useful in
two ways. First, it provides a visual perspective of the distri-
bution of the activities of the entrapped cells with respect to
their location inside the pellet. Second, the resulting profiles
for the specific productivities are applicable for the evaluation
of the selectivity of product formation for the immobilized cell
pellet. The latter concept is discussed with respect to the se-
lectivity between the production of butanol and butyrate.
The butanol/butyrate selectiv-
ity, defined as a, is the ratio of the butanol and butyrate pro-
ductivity. In the immobilized cell pellet, the overall produc-
tion for butanol, QBl' could be formulated using the following
equation:
QB1 4 H r2  qB dr (39)
or
QBl 4 H R 3 X x qBl dx (40)
Similarly, for the overall production of butyrate would be:
QB2 4 HRXJ2 B2 dx (41)
Therefore,
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x2 Bl dx
ao = (42)f x2 qB2 dx
Thus, when the profiles for qBl and qB2 were established within
the pellet with respectto the location, x, the selectivity could
be calculated according to equation (42). In this study, the in-
tegrals of equation (42) were evaluated numerically using 21
equally spaced values of x from 0 to 1 in the pellet.
Since the glucose concentra-
tion profile was generated by solving the differential equation
with the Gear method, the range of hs (or m) in which solutions
were obtainable is limited as discussed earlier. Also, the I.V.P.
method is a trial and error procedure with respect to the hs
value, therefore, solutions to specified h s's were difficult to
*
obtain. In practice, different values of Y 3c were used for each
set of Y3a and S such that solutions generated would cover as
wide a range for hs as possible.
The metabolic activity distri-
bution and the butanol/butyrate selectivity of the immobilized
cells were examined using three Sf values similar to the overall
activity evaluation. A wide range of Y3a was used for each Sf
value. The results of the calculation using Sf = 422 mmol/l,
*
Y3a = 0.4 are shown in Figure 59. The Y3c used in this case was
1.01 Y3c' and h = 1.26 was obtained in this calculation. The
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Figure 59
THE DISTRIBUTION OF GLUCOSE, PRODUCTS, AND METABOLIC ACTIVITIES
WITHIN AN IMMOBILIZED CELL PELLET CALCULATED USING THE I.V.P.
METHOD WITH Sf = 422 MMOL/L AND Y3a = 0.4. Yl, Y 2 , and Y 3 ARE
THE DIMENSIONLESS CONCENTRATIONS FOR BUTANOL/BUTYRATE, ACETATE
AND GLUCOSE, RESPECTIVELY. qBl AND qB2 ARE THE SPECIFIC PRO-
DUCTIVITIES FOR BUTANOL AND BUTYRATE, RESPECTIVELY. p IS THE
SPECIFIC GROWTH RATE.
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effectiveness factor calculated using the gradient of Y3 at x =
1 was 0.802. The selectivity, a, was 3.75. The concentration
of acetate (Y2 ) was relatively constant within the gel pellet.
The concentration of butanol/butyrate (Y1 ) was at 0.387 near the
center of the gel bead. This concentration is equivalent to 163
mmol/l, which is the butyl-product concentration at which the
growth rate of the organism equals zero according to the prod-
uct inhibition model. The glucose concentration at the center
of the bead was significantly higher than zero. The profiles of
the concentration of these components indicate that the cells
located at the center of the pellet are subjected to product in-
hibitory effects, especially those contributed by butanol and
butyrate.
The local growth rate profile
of the entrapped cells is also shown. The growth rate increases
from zero at the center of the pellet to slightly below 0.15 hr 1
at the surface of the pellet. The increase of the growth rate
with respect to the distance from the center is due to the de-
crease in Y1 (butanol/butyrate concentration) in the bead as x
is increased. The calculated specific butanol productivity, qBl'
increases steadily parallel to the increase of the specific
growth rate, y, while the specific butyrate productivity, qB2'
remains relatively low in the center part of the bead. The
patterns of qB1 and qB2 are the results of the regulatory ef-
fects of the glucose consumption rate, qs, as discussed in kinetic
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analysis of the free-cell fermentations. Since the entrapped
cells in general were growing in a growth rate region which fa-
vors the production of butanol, it is not surprising to find the
overall productivity of butanol in the pellet is 3.75 times that
of butyrate.
In Figure 60, the I.V.P. so-
lutions to the immobilized-cell pellet when Y3a = 0.60 are shown.
The Sf used in this calculation was the same as that used in the
previous set of calculations. This set of results is similar to
the previous set with respect to the pattern of the concentration
profiles. The amount of butyl-product accumulated at the center
of the bead approaches the maximum tolerable value. The gradi-
ents of the concentrations profiles are in general greater than
those when Y3a = 0.40. The metabolic activity profiles of the
entrapped cells are. quite different from those obtained for
Y3a = 0.40 because of the steeper concentration profiles. The
growth rate of the entrapped cells increased from zero at the
center of the pellet steadily to above 0.25 hr~1 at the surface
of the bead. The butanol specific productivity increases fas-
ter than the butyrate productivity for growth rate less than 0.18
hr~ . The trend was reversed near the surface of the bead where
the growth rate of the cells was above 0.18 hr 1. The resulting
selectivity between butanol and butyrate productions was 1.08
because of the increased production of butyrate near the sur-
face of the pellet.
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Figure 60
THE DISTRIBUTION OF GLUCOSE, PRODUCTS, AND METABOLIC ACTIVITIES
WITHIN AN IMMOBILIZED CELL PELLET CALCULATED USING THE I.V.P.
METHOD WITH Sf = 422 MMOL/L AND Y3a = 0.6. Yi, Y2 , AND Y 3 ARE
THE DIMENSIONLESS CONCENTRATIONS FOR BUTANOL/BUTYRATE, ACETATE
AND GLUCOSE, RESPECTIVELY. qBl AND qB2 ARE THE SPECIFIC PRO-
DUCTIVITIES FOR BUTANOL AND BUTYRATE, RESPECTIVELY. p IS THE
SPECIFIC GROWTH RATE.
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The major difference in terms
of parameter input to the two calculations shown above was the
external glucose concentration Y3a* Therefore, it is logical to
assume that Y3a has a direct bearing to the butanol/butyrate se-
lectivity of the entrapped cells. This assumption is explored
by examining the relationship between a and Y3a as shown in Fig-
ure 61, which summarizes the results of the calculations using
other values of Sf and Y3a. It can be concluded that the over-
all production of butanol of the immobilized cell pellet is
favored by the low values of external glucose concentration
residual in a continuous fermentation. This phenomenon can be
explained by re-examining the material balance of the continu-
ous fermentation, in which the external concentrations of glu-
cose also determines the product concentrations at steady states
according to the yield constants, as shown in equations (14) and
(15). The growth rate of cells on the surface of the pellet
could be shown to equal:
61 6 1(1-Y 3)
a 2 f-6 -Y3a exp [-63 Sf.6 2 (-Y 3a)) (43)
In general, the growth rate of the cells on the surface of the
pellet, p a, increases with the increase of Y3a. Therefore, in
the case where Y3a is large, the growth rate of the cells near
the surface of the pellet is high. According to the butanol/
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Figure 61
THE EFFECTS OF Y3a ON THE BUTANOL/BUTYRATE SELECTIVITY OF
THE ENTRAPPED CELLS CALCULATED USING THE I.V.P. METHOD
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butyrate productivity as regulated by the growth rate (or the
glucose consumption rate) the cells near the surface would then
produce more butyrate than butanol as illustrated in the case
for Y 3a = 0.60.
The butanol/butyrate selec-
tivity is also affected by the value of h5 of the immobilized
cell pellet. The influence of hs, however, was not as pronounced
as that for Y3a* In Table 13, the selectivities corresponding to
different hs for each set of Sf and Y 3a are summarized. It can
be seen that hs has some effects on the a values for given Sf
and Y3a* The effects of hs on a, however, were irregular with
respect to the parameters monitored. A unified relationship to
correlate these effects could not be obtained.
( vi) Analysis of the Overall Per-
formance of Immobilized Cell
Fermentations
The foregoing kinetic analy-
sis of the single immobilized cell pellet provided a mathemati-
cal model describing the effective metabolic activities of the
entrapped cells. The model correlates the effectiveness factor
in terms of the physical characteristics of the immobilized cell
pellet and the concentration of glucose in the bulk phase of the
fermentor. The physical parameters included the cell concentra-
tion in the gel, X , the size of the gel bead, R , and the
diffusivities of the different compounds, D. . The immobilized
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Table 13
SUMMARY OF VARIATIONS OF BUTANOL/BUTYRATE
SELECTIVITY, a, CAUSED BY THE DIFFERENT
VALUES OF h
Sf Y3a h 1
566 0.50 0.66 0.85 3.91
1.19 0.58 3.10
422 0.30 0.18 0.99 1.49
0.62 0.47 1.16
422 0.40 1.26 0.80 3.35
1.74 0.66 3.21
422 0.50 1.81 0.80 2.01
2.45 0.65 2.12
422 0.65 2.45 0.78 1.08
2.95 0.69 1.17
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cell kinetic model was presented such that the influence of the
external glucose concentration (Y3a) and the feed concentration
(Sf) on the effective metabolic activities could be delineated.
The reason for taking such an approach is to utilize the immob-
ilized cell kinetic model to analyze the results from the con-
tinuous fermentations.
The comparison of the kinetic
model to the continuous fermentation for immobilized cells was
initiated by performing a material balance for glucose at steady
state during continuous fermentation. The total glucose con-
sumed was set to equal the sum of the glucose consumed by the
entrapped cells and the free cells. This material balance can
be expressed in terms of Y3a as:
D (1 - Y 3a) Xa (1- g) q/sa /f + X Eg q sa n/S f (44)
Glucose in- Consumption by Consumption by
Glucose out free cells immobilized cells
The cell concentrations in the fermentor could be described by
using the material balance for the cell mass. The equation for
the cell balance is:
D X = X (1 - 6 ) ya + X E yP (45)
a a g a g g g
(Cell flowout) (Net growth of) ( Net growth of
free -cells immobilized cells
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The growth rate of the free
cells could be calculated from the bulk phase conditions in the
fermentor. Thus, ya could be expressed in terms of Y3a by using
the product inhibition model. The term yg represents the average
growth rate for all of the entrapped cells. The average growth
rate of the entrapped cells could be evaluated by knowing the
growth rate profile inside the gel bead. Thus, the total cell
growth could be obtained by numerical integration of the local
growth rate in the gel bead, and the average growth rate could
then be calculated. The average entrapped cell growth rate,
however, could be estimated using a simple method. The growth
rate of C. acetobutylicum has been shown to be linearly related
to the glucose consumption rate of the cells. If the effective-
ness factor, -n, is known, the average glucose consumption rate
of the entrapped cells is n.gsa by definition of the effective-
ness factor. The average growth rate of the entrapped cells
could then be evaluated from the average glucose consumption di-
rectly from the established p vs qs relationship. The growth
rates, for convenience, are expressed as inverse functions of
the glucose consumption rates as the following:
y = fl [q ] (46)a sa
pg = f~1 [ qsa47
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Therefore, from equation (45), the effluent cell concentration,
Xa, is found to be:
X = g g sa (48)
a D - (1-F-) f [qg sa
To evaluate the glucose con-
centration from equation (44) when Sf, D, X , R and cq were given,
the immobilized cell kinetic model was applied. The model is sum-
marized by the following two equations:
X .q 1/2 /fr[23a 1/2
m = R D.sa 3 dY3 ]
s f
3c
= tanh m (36)
m
These two equations when combined with equation (44) formed a
three-equation system with three unknowns: Y3a' m and TI. Thus,
steady state results of a given set of parameters (Sf, D, X , R
and £ ) could be obtained if solutions to equations (44), (49)
and (36) exist and could be calculated.
The difficulties involved in
obtaining the solutions to these three equations arose mainly
from the need to evaluate the integral of equation (49). The
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solution was further complicated by the hyperbolic relationship
between n and m. In order to obtain solutions to these equa-
tions, numerical calculations using different computer programs
were used. A subroutine to find the least square minimum of an
objective function was used to solve equations (44), (49) and
(36) simultaneously. The subroutine, E04FDF, was provided by
NAG Library. It uses a corrected Gauss-Newton method to locate
the minimum of the sum of the squares of the objective functions.
In our case, the objective functions were equations (44), (49)
and (36). The integral of equation (49) was evaluated numeric-
ally using the same routine employed for the asymptotic solu-
tions. The routine was successful in obtaining solutions to
most of the parameters input into the three equations.
The solutions to the continu-
ous fermentations using 3.8 mm gel beads were first examined.
The results of the simulation using X = 80 g/l, E = 0.5, and
g g
S = 389 mmol/l are shown in Figure 62, along with the actual
experimental data. The simulated solutions are shown as solid
lines in the figure. The effectiveness factor of the immobil-
ized cell pellet is also shown. In general, the simulated re-
sults deviate from the actual results marked at different dilu-
tion rates. For example, the simulated glucose concentration,
Y3a' is 10-20% below the experimental value obtained at dilu-
tion rate of 0.5 hr1 . At a higher dilution rate (D = 1.08 hr~1)
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Figure 62
THE CONTINUOUS FERMENTATION USING 3.8 MM IMMOBILIZED CELL
PELLETS. THE SOLID LINES REPRESENT THE RESULTS OF THE
MATHEMATICAL SIMULATION USING Xg = 80 G/L. EXPERIMEN-
TAL RESULTS ARE REPRESENTED BY THE FOLLOWING SYMBOLS:
Y la ' 2a Y3a (O), AND Xa (0)
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the simulated glucose concentration was 38% lower than that ob-
tained experimentally. The simulated results for the butyl-
product concentration, Yla' on the other hand, were consistently
overestimated. The relative errors involved in the butyl-prod-
uct concentrations were similar to those with the glucose con-
centration.
In these studies, it has been
found that the total amount of the entrapped cells was usually
an order of magnitude greater than that for the free cells in
the fermentor. Therefore, the deviations for the simulation are
mostly caused by the errors introduced in the evaluation of the
total metabolic activities of the immobilized cells. One of
the possible sources of error is the parameters input into the
equation system describing the operations of the fermentor (Equa-
tions (44), (49) and (36)). These parameters include X , R, Ecg
and Sf. Among these parameters, the value of X is most suscep-
tible to errors. Experimentally, X was measured optically after
the gel matrix was dissolved. Optical measurement yields the to-
tal amount of cells entrapped which includes both viable and non-
viable cells. To explore the sensitivity of X on the simulation,
different values of X were used. In Figure 63, the results from
the simulation using X = 35 g/l, e = 0.5 and R = 1.9 mm are
gg
shown and compared with the experimental data. It can be seen
that the simulated results fit closely to the experimental data
in range of dilution rate examined.
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Figure 63
THE CONTINUOUS FERMENTATION USING 3.8 MM IMMOBILIZED CELL
PELLETS. THE SOLID LINES REPRESENT THE RESULTS OF THE
MATHEMATICAL SIMULATION USING Xg = 35 G/L. EXPERIMEN-
TAL RESULTS ARE REPRESENTED BY THE FOLLOWING SYMBOLS:
Yla (A) 2a Y3a (0), AND Xa (0)
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Similarly, the experimental
results of the fermentation using 5.0 mm gel beads differ sig-
nificantly from the simulated results when X = 60 g/l, c =
0.5, and R = 2.5 mm were used (Figure 64). The overall activ-
ities of the fermentor were generally over-estimated by the
kinetic model as in the previous case. The deviations of the
simulated results were greatest at high dilution rates. The
simulations using lower values of X were performed and shown
in Figure 65. In this case, the simulated values were obtained
using X = 30 g/l. It can be seen that the simulations were
quite close to that obtained experimentally.
In the fermentation using the
3.8 mm gel beads, the value X used successfully to simulate the
experimental results was 44% of the optically measured cell den-
sity in the gel. In the case of the 5.0 mm gel beads, the X
used was 50% of the experimentally measured value. These frac-
tions could be regarded as the viability factor of the optically
measured population. The existence of the large fractions of
non-viable cells within the gel matrix might have been caused by
long retention time of the cells within the gel. However, since
the relationship between the age of entrapment to the cell viabil-
ity is unknown, the effects of retention time with respect to
the cell viability are only speculative.
It is interesting to note that
in the simulated results using the "viable" fraction of the cell
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Figure 64
THE CONTINUOUS FERMENTATION USING 5.0 MM IMMOBILIZED CELL
PELLETS. THE SOLID LINES REPRESENT THE RESULTS OF THE
MATHEMATICAL SIMULATION USING X = 60 G/L. EXPERIMEN-
TAL RESULTS ARE REPRESENTED BY HE FOLLOWING SYMBOLS:
Yla ' 2a ' 3a (O), AND Xa ()
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Figure 65
THE CONTINUOUS FERMENTATION USING 5.0 MM IMMOBILIZED CELL
PELLETS. THE SOLID LINES REPRESENT THE RESULTS OF THE
MATHEMATICAL SIMULATION USING X = 30 G/L. EXPERIMEN-
TAL RESULTS ARE REPRESENTED BY HE FOLLOWING SYMBOLS:
Y la ' Y2a (A) f Y3a (O) , AND Xa ()
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population, the effectiveness factors for the two different bead
sizes (3.8 and 5.0 mm) were essentially the same for both cases
during the continuous fermentation. The similarity between the
effectiveness factors for the two bead sizes was consistent with
the characteristics of the two different immobilized cell pellet.
The modula, hs, for the 3.8 mm and the 5.0 mm gel beads were
within 10% of each other for similar glucose concentrations in
the bulk phase. The difference in the size of the bead was com-
pensated by the different cell concentration in the gel. In gen-
eral, the effectiveness factors of the immobilized cells were
above 80% in the range of dilution rate studied for both cases.
The use of the kinetic model
was also examined to compare the product selectivities in the
two fermentations. The butanol/butyrate selectivities obtained
for the two bead sizes are summarized in Table 14. The selectiv-
ities obtained from the experimental results are compared to those
estimated by using the relationship between residual glucose con-
centration (Y3a) and the selectivity obtained in the single-
pellet analysis (see Figure 61) (a vs Y3a). Since a values
greater than 3.5 were not obtained in the mathematical analyses,
values which are greater than 3.5 are represented by the symbol
> 3.5 in Table 14. In general, the predictions of the a values
for the 5 mm beads were close to the experimental results. How-
ever, the predictions for the 3.8 mm beads were significantly
different from the experimental values.
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Table 14
SUMMARY OF BUTANOL/BUTYRATE SELECTIVITY OBTAINED
EXPERIMENTALLY AND THROUGH MATHEMATICAL ANALYSES
FOR BEAD SIZES 5.0 MM AND 3.8 MM
5.0 mm Beads 3.8 mm Beads
D (hr~- aexpt.a acal.b D (hr-) aexpt.a 0cal.b
0.24 3.5 > 3.5 0.36 4.5 > 3.5
0.36 3.5 > 3.5 0.39 8.9 > 3.5
0.47 3.5 > 3.5 0.52 8.9 3.0
0.50 3.0 > 3.5 0.81 5.8 2.0
0.66 3.8 3.0 1.08 4.1 1.0
0.84 2.8 2.0
1.09 1.8 1.2
1.26 1.5 1.0
experimental results
b obtained from mathematical analyses using the simulated results and
the results on Table
-351-
The immobilized cell kinetic
model was also inadequate to predict the production rates for
acetone. The basic kinetic model obtained from the free cell
continuous fermentation did not include sufficient information
regarding the productivity of acetone. Usually, it was assumed
that acetone was formed in a constant ratio to the butanol form-
ation. A review of the metabolic pathway with regard to the
generation of reducing power (NADH2) reveals that the hydrogen
pressure could regulate the activity of the hydrogenase of the
organism. For high H2 pressure, production of NADH 2 is favored
in the cells to regenerate the NAD+. In this case, the in-
creased production of the butyl-products are effected. When
this happens, the production of acetone will be decreased since
the butyl-products and acetone shared a common precursor, the
aceto-acetate CoA. It is speculated that for large beads (5.0
mm), the hydrogen pressure inside the gel might be higher than
that in the smaller beads (3.8 mm), and thus causing the higher
ratio of butyl-product to acetone in the former case.
Despite the deficiency of the
immobilized cell model to characterize the product distribution
of the immobilized-cell fermentation, the evaluation of the
overall metabolic activities of the entrapped cells is still
valid. The distribution of the products between butanol/butyrate
and acetone affects the product inhibition model insignificantly.
This is because the combined concentrations of butanol and
-352-
butyrate is the major consequence in the growth model. Further-
more, the slight variation of acetone concentration has no ef-
fects on the cell growth to speak of.
4.2.2.4. Discussion of Results of the Immob-
ilized Cell Fermentations
The use of immobilized cells suc-
cessfully increases the volumetric productivity of acetone and
butanol during continuous fermentations. The volumetric solvent
productivity using a continuous fermentor with 50% (v/v) gel load-
ing was 2.8 times greater than the maximum attainable productivity
for free cell in continuous culture. The increase in productivity
of the immobilized cell fermentor could be accounted for by the
increase in the "active" cell density within the fermentor. The
optically measured cell concentration in the gel beads were 60
and 80 g/l for gel beads of diameters equal to 5.0 mm and 3.8 mm,
respectively. In both cases, the "active" cell density were cal-
culated to be about 50% of the measured value according to the
mathematical simulation using the immobilized cell kinetic model.
Furthermore, the kinetic model also showed that the effective
activities of the entrapped cells during continuous fermentation
were about 80% (n = 0.8) of the potential metabolic activities
of the cells if no intraparticle diffusional effects existed in
the gel bead. Specifically, the model showed that the metabolic
activities of the entrapped cells were governed by the products
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accumulated within the gel matrix. When both the viability fac-
tor of the entrapped cells and the effectiveness factor were con-
sidered, the "effective" cell density in the 50% (v/v) gel-load-
ing reactor was equivalent to 12-15 g/l of the reactor volume.
The application of the immobilized
cell technique to the production of butanol and acetone did not
alter the product yield significantly: especially the yield of
the butyl-products. The constancy of the product yield was
consistent with the observation that cell growth of the entrapped
cells, as represented by the amount of cells flowing out of the
fermentor, was coupled with the product formation. This obser-
vation suggested that the coupling between the energy production
and biosynthesis of cell mass were retained for the immobilized
cells. This phenomenon was not always true regarding primary
metabolite productions by immobilized cells. For example, K-
carrageenen entrapped S. cerevisiae was found to produce ethanol
from glucose at near theoretical yield value (Wada et al., 1980;
1981). The high yield value was maintained at high ethanol pro-
duction rate while the net growth of the entrapped yeast cells
were small suggesting non-growth associated kinetics dominated
for the entrapped cells.
Butanol production by calcium algi-
nate entrapped Clostridium butylicum (Krouwel et al., 1980), and
C. acetobutylicum (Hdggstrom and Molin, 1980) have been demonstra-
ted. The immobilization was initiated by entrapping spores of the
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Clostridium strains in calcium alginate gel beads. The entrapped
spores were reactivated with growth media. Since only prelimin-
ary results were provided in both studies, a complete comparison
of the results obtained by using the two different gels could not
be made.
The kinetic analysis of the K-carra-
geenan gel entrapped C. acetobutylicum was made possible by sim-
plifying a few aspects of the basic kinetic model of microorgan-
ism. These simplifications allow approximate solutions to be ob-
tained for the complex fermentation kinetics of the entrapped
cells. However, these simplifications do sacrifice to a certain
extent the versatility of the mathematical analyses. For exam-
ple, in our analysis, the product distribution as a result of the
metabolic regulations had to be ignored. Thus, the resulting
kinetic model of the immobilized cell pellet is inadequate to
provide information regarding the product selectivity.
The simplified diffusion equation
of the immobilized cell pellet, however, is still sufficient to
describe the overall metabolic activities of the entrapped cells.
The diffusion equation, equation (11), is unique due to the em-
pirically structured rate expression, Ts . Solutions to the dif-
fusion equations with simple rate expressions, such as power
order reaction kinetics, are well established (Aris,1975). Num-
erical methods have also been developed in obtaining solutions
of the equation describing enzymatic reactions using Michaelis-
-355-
Menten type kinetic relations (Moo-Young and Kobayashi, 1972;
Fink et al., 1973). The methods developed to obtain solutions
to these rate expressions are usually unique and specially de-
signed to provide solutions to the particular problem of inter-
est. For example, the method by Fink and co-workers trans-
form the two-point B.V.P. to a I.V.P. problem by transforming
the dependent variable (the concentration of the reactant). The
transformation, however, was limited by the rate expression in
use. For empirical expression, such as '4' similar transforma-
tion of the equation was not feasible.
In this study, the two methods used
to provide solutions to equation (11) are relatively easy to be
implemented. In addition, these two methods are versatile with
respect to the rate expression used in the diffusion equation.
In the case of the asymptotic solution, the major requirement
for its evaluation is the existence of the integral of the rate
expression in the concentration range bounded by the surface
concentration and the center concentration of the pellet. The
transformation of the problem to an I.V.P. problem could also
be implemented for diffusion equations with other forms of rate
expressions. The success in obtaining the solutions to the prob-
lem depends mainly on the stability of the resulting I.V.P. as
well as the maximum accuracy useable in the computer which is
used for the numerical solutions to the I.V.P. In general, the
higher the accuracy allowable in the computer, the wider range
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of hs can be examined. Therefore, the numerical methods used
in this study to examine the fermentation kinetics of immobil-
ized C. acetobutylicum might be applicable to other fermentation
systems. For example, these methods could be used to examine
the productions of ethanol or acetic acid by immobilized cells
which could be expressed using single-reaction models with em-
pirical rate expressions.
In summary, the application of cell
immobilization technique has improved the productivity of the
acetone-butanol fermentation. The effective metabolic activi-
ties of the immobilized cells have been characterized mathema-
tically using numerical methods to analyze the diffusion and re-
action in the immobilized pellets. The kinetic analyses of the
entrapped cells were useful in the evaluation of experimental
results of the continuous fermentation. The results of the
mathematical simulations of the continuous fermentation sugges-
ted a major fraction ( ~50%) of the entrapped cells was inactive
in the fermentation process.
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5. SUMMARY AND CONCLUSIONS
The following conclusions can be drawn from this thesis on
the acetone-butanol fermentation by Clostridium acetobutylicum
using free cells and immobilized cells.
(1) The results from the batch and continuous fermenta-
tion using free cells of C. acetobutylicum have contributed
new information regarding the fermentation kinetics of the mi-
croorganism. These are summarized below:
(a) The cell growth of C. acetobutylicum was in-
hibited by the end-products including butanol, butyrate and
acetate. A collective inhibition model was obtained to describe
the growth of the microorganism in continuous fermentation in
the presence of excess substrate:
0.10 x P 1
= 180.0 - B exp (-0.0096 x PA)}
where PA and PB are the concentrations of acetate and butanol/
butyrate in mmol/l.
(b) The specific glucose consumption rate, qs, of
the microorganism could be correlated to the cell growth rate,
y, by the following expression:
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qs = 3.2 + 32.0 yp
where q is in mmol/g-cell-hr and p is in hr.
(c) The total production of the primary metabolites
including acetone, butanol, ethanol, acetate and butyrate was
proportional to the catabolic rate of glucose.
(d) A constant ratio of butanol to acetone to eth-
anol of 4.3:3:1 was attained in free-cell fermentations.
(e) The combined production rates for butanol and
butyrate and the production rate of acetate were proportional
to the glucose consumption rate for all growth rates. The ra-
tio between butanol and butyrate was regulated by the glucose
consumption rate, qs. For q less than 11 mmol/g-cell-hr,
butanol formation was favored over butyrate, the reverse was
observed for qs greater than 11 mmol/g-cell-hr.
(f) The product inhibition limited the cell concen-
tration in the continuous fermentor to 5 g/l which corresponded
to a maximum solvent (acetone and butanol) productivity of 2.5
g/l-hr.
(2) Improvement to the solvent productivity of acetone-
butanol fermentation by application of in situ butanol removal
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process was limited by the biocompatible compounds suitable for
butanol removal. The concept was demonstrated using batch ferm-
entation with activated carbon or corn oil. The use of 50 g/l
activated carbon increased the attainable concentration of
butanol per aqueous phase volume by 28% over ordinary fermenta-
tion. However, due to the nonspecific adsorption of nutrients
by the activated carbon, the fermentation rate was reduced and
thus decreasing the overall productivity to one-half of the
conventional fermentation. The use of equal volumes of corn
oil and fermentation medium increased the attainable butanol
concentration per aqueous phase volume by 58% when one oil re-
placement was employed. The increase was due to the partition
of butanol into the oil phase allowing further cell growth from
3.5 g/l to 5.0 g/l in the aqueous phase.
(3) The application of K-carrageenan gel entrapment to
immobilized C. acetobutylicum successfully increases the sol-
vent productivity of the continuous fermentor to 5.2 g/l-hr.
The increase in product formation per unit fermentor volume
was due to the increase of cell density in the fermentor.
(4) Cell densities attainable in the K-carrageenan gel
matrix were different for different bead sizes. The cell den-
sity for the 3.8 mm bead was 80 g/l and for the 5.0 mm bead
was 62 g/l.
-360-
(5) The product distribution obtained in continuous ferm-
entations using the two different bead sizes also differ from
one another. Specifically, more acetone and less acid prod-
ucts were found when the smaller immobilized cell pellets were
used. The butanol concentrations attained were similar in both
cases.
(6) Using numerical solutions, a single reaction-diffu-
sion equation describing the intraparticle concentration of
glucose, the effective metabolic activities of the entrapped
cells were analyzed. The effectiveness factor, n, of the im-
mobilized-cell pellet was approximated by:
tanh m
m
where m is a modified modulus lumping the pertinent variables
including the cell concentration bead size, gel diffusivities,
intrinsic rate expression and the external glucose concentra-
tion.
(7) Comparison of mathematical simulations of the im-
mobilized cell fermentor to the experimental results sugges-
ted that over 50% of the measured cell density was inactive.
The active portion of the cells was effected by the intrapar-
ticle diffusional effects and only 80% of their activities
could be attained in comparison to the absence of diffu-
sional effects.
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(8) The mathematical model was inadequate to explain
the observed differences in product selectivity for immobil-
ized cell fermentations.
(9) The numerical methods used to solve the single re-
action-diffusion equation included an initial value problem
conversion method and asymptotic approximation. These methods
were found to be generally applicable to empirical rate expres-
sions, such as those evolved from product inhibition fermenta-
tion of other anaerobic cultures.
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6. SUGGESTIONS FOR FUTURE RESEARCH
6.1. Regulation of Metabolic Pathway
This study has established the regulatory effects of
glucose catabolic rate on the butanol and butyrate formations
by C. acetobutylicum. The mechanism of this regulation could
be studied to identify the key enzymes and effectors involved.
Other branch points of the glucose metabolism which determine
the fates of pyruvate and acetoacetate CoA should also be ex-
amined. The regulations of these intermediates effect the dis-
tribution of acetone, acetate and the butyl-products. The pos-
sible role of hydrogen pressure acting as an effector on the
NAD/NADH2 balance which in turn regulates the production of
the butyl products could be examined.
6.2. Product Inhibition Effects
To improve the fermentation with respect to the sol-
vent productivity, the product inhibition effects have to be
overcome. In this thesis, only the engineering approach was
taken. The study of in situ removal of butanol using corn oil
as an extractant require economic analyses to evaluate as to
the potential of this approach for product recovery improve-
ments. Lastly, the examination of other solvents and adsorb-
ents overlooked in this thesis should be performed.
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The product inhibition problem could also be approached
by increasing the resistance of the microorganisms to the end-
products. Specifically, the resistance might be attained by
using selection and adaptation techniques: especially the use
of continuous culture with gradual increase of toxic product in
the feed medium. A more fundamental approach could be adapted
by examining the mode of actions of the products on the cell
growth. Then, microbiological and genetic techniques could be
applied to alter the inhibition targets to attain higher resis-
tance to the end products.
6.3. Immobilized Cell Fermentations
The information most lacking in the study of immobil-
ized-cell fermentation using growing cells entrapped in polymer
matrix is the growth mechanism of the entrapped cells. In our
study, the cell density within the gel bead was found to be
constant during continuous operation. However, a constant cell
leakage from the immobilized cell pellet was observed. Whether
all of the cells leaking out originated from the outer layer of
the pellet, or from the various parts of the gel bead but "dif-
fused" out through channels in the pellet is unknown. This in-
formation could be used to formulate the age and cell density
distribution of the entrapped cells. One of the possible ways
to study this phenomenon is by using radioactive labelling of
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the entrapped cells. The use of radioactive compounds, such
as amino acid and nucleotides, could also be used to locate the
distribution of growth activities of the entrapped cells in the
pellet. The developments of techniques to section and autoradi-
ograph the interior of the pellet would be necessary.
Other factors affecting the immobilized cell activi-
ties were unaccounted for in our study and would require fur-
ther investigations. These factors include the intraparticle
pH distribution and the dissipation of other end products,
such as hydrogen and carbon dioxide, from within the pellet.
6.4. Mathematical Analyses of the Immobilized Cell Pellet
The above studies of the immobilized cell fermenta-
tion should provide new information for the construction of
more elaborate mathematical models to relate the diffusional
effects on the entrapped cell activities. These models should
incorporate the following aspects of the immobilized cell ferm-
entation: (1) distribution of cell density in the pellet and
possibly the effect of cell age, and (2) regulation of prod-
uct distribution by the intraparticle environmental conditions.
The limiting step of the mathematical analyses would probably
be the solution of the complicated two-point boundary-value
problems. Numerical methods in addition to the ones employed
in this thesis, for example, orthogonal collocation, might be
used to provide a complete solution to these equations.
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6.5. Other Aspects of the Immobilized Cell Fermentation
This thesis has focused mostly on the intraparticle
conditions of the immobilized cell pellet. The application of
immobilized cells for acetone-butanol fermentation would re-
quire studies for optimization of the following aspects of the
process:
( 1) diffusion properties and strength of immobil-
ization material to provide a suitable balance between intra-
particle diffusional effects and operational stability,
( 2) reactor design to minimize external mass trans-
fer limitations and to optimize the production of desirable
products.
These studies would be enhanced by information gained
from the basic studies and mathematical analyses of the immob-
ilized-cell pellet.
-366-
7. NOMENCLATURE
a transformation parameter used in I.V.P. method
a Chebyshev polynomial constants to relate qBl to P
b Chebyshev polynomial constants to relate qB2 to P
Bi. Biot number for mass transfer of species i
1 : initial concentration of a compound in gel, mmol/1
c t :residual concentration of a compound in gel, mmol/l
D dilution rate, F/V, hr~1
D. gel diffusivity for species i, mm 2 /hr
h dimensionless reaction modulus of species i
hq :asymptotic value of hs at which n = 1
k external mass transfer coefficient for species i,
mm/hr
m modified modulus, h s/hsi
mATP: maintenance energy, mmol ATP/g-hr
p product concentration (general), mmol/1
P. concentration of species i, mmol/1
qATP: specific rate for ATP generation, mmol/g-hr
q : specific rate for species i, mmol/g-cell-hr
q p :specific productivity, mmol/g-hr
q s :specific glucose consumption rate, mmol/g-hr
q : average specific glucose consumption rate, mmol/g-hr
Q : total glucose consumption rate of entrapped cells in
a gel bead if bulk phase conditions were applied
Q : total glucose consumption rate of entrapped cells in
g a gel bead
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QB1 : overall production of butanol of an immobilized cellpellet
QB2 : overall production of butyrate of an immobilized
cell pellet
r distance from center of pellet, mm
R radius of immobilized cell pellet, mm
S : glucose concentration, mmol/l
S a glucose concentration in bulk phase or effluent stream
of continuous fermentation, mmol/l
S : glucose concentration in feed stream of continuous
fermentation, mmol/l
S : average glucose concentration, mmol/l
tl' : times, hr
t
2
x : dimensionless distance from center of pellet, r/R
X cell concentration, g/l
X : average cell concentration, g/l
X : cell concentration in bulk phase, g/l
X : entrapped cell concentration in gel, g/l
Y.: dimensionless concentration of species i, scaled with
respect to the feed glucose concentration, Sf
Y : dimensionless concentration for butanol/butyrate
Y 2 :dimensionless concentration for acetate
Y : dimensionless concentration for glucose
*
Y 3: minimum value of Y3 attainable in center of pellet
other than zero
Y3am: minimum value of Y3 attainable in bulk phase
*
Y3c : input value as Y at x = 0 to initiated I.V.P. cal-
culation
YATP: ATP yield, g/mmol
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z transformed variable for x
z :value of transformed dimensionless distance at which
0 3 =3a obtained by I.V.P. method
a : constant in qs vs y expression, mmol/g-hr
2 constant in qs vs y expression, mmol/g
2l growth inhibition constant for butanol/butyrate
82 : growth inhibition constant for butanol/butyrate,
mmol/1
83 growth inhibition constant for acetate, (mmol/l)~
Y : dimensionless ratio, 6 D S/DB
Y2 : dimensionless ratio, 62D /DA
6 combined conversion yield of butanol and butyrate
from glucose
62 conversion yield of acetate from glucose
At difference of t2 and t1 , hr
AS difference of glucose concentrations at t2 and tj,
mmol/1
s g gel loading (V/V) of fermentor working volume
I : effectiveness factor
Tn : effectiveness factor for first order reaction for
spherical catalyst pellet
P : specific growth rate, hr 1
Pm maximum specific growth rate, hr 1
P : normalized specific growth rate, v/pm
a production selectivity between butanol and butyrate
QBl'0 B2
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first derivative of Y3 with respect to z for asymp-
totic solutions
, :dimensionless specific rate of species i, scaled
with respect to the external glucose consumption
rate qsa
Suffixes and Affixes:
a : bulk phase (ambient)
g : gel phase
o : surface of pellet
c : center of pellet
A : acetate
B butanol/butyrate combined
Bl : butanol
B2 : butyrate
s : glucose
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APPENDIX 1
CORRELATIONS OF CELL CONCENTRATION MEASUREMENTS
Three types of measurements were used for the determina-
tion of the cell concentration of C. acetobutylicum growing in
soluble medium. During batch and continuous culture operations
performed in the 5-liter fermentor, fermentation broth samples
were used to correlate the dry cell weight and optical density
measurement obtained using the Klett-Summerson colorimeter.
The results are shown in Figure 66. The optical density read-
ings within 150 Klett units were obtained by diluting the sam-
ple appropriately. The optical densities shown in the figure
were the products of the actual readings and the dilution fac-
tors involved. The slope of the straight line fitted to the
datum points provides the conversion factor of 425 KU to 1 g/l
dcw.
The absorbance of a Hungate tube culture was measured
with a Turner spectrophotometer in situ. The Hungate tube was
placed into the sample holder of the spectrophotometer directly.
This procedure enables the growth of a tube culture to be moni-
tored easily without sample removal from the tube. A correla-
tion between the absorbance measurement and the Klett unit read-
ings is shown in Figure 67. The results were obtained by mea-
suring the cell density of batch culture of C. acetobutylicum
in several experiments with both instruments. From this graph,
0.39 absorbance is found to be equivalent to 100 Klett units.
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Figure 66
CORRELATION BETWEEN CELL CONCENTRATION MEASUREMENTS
BY USING KLETT-SUMMERSON COLORIMETER AND DRY
CELL WEIGHT DETERMINATION
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Figure 67
CORRELATION BETWEEN OPTICAL DENSITY MEASUREMENTS
OF C. ACETOBUTYLICUM CULTURE USING TURNER SPEC-
TROPHOTOMETER AND KLETT-SUMMERSON COLORIMETER
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Therefore, the dry cell weight of a culture can be eval-
uated from the optical density of the culture measured with ei-
ther instrument according to the following conversion relation-
ship:
1 g/l dcw = 425 Klett units = 1.66 absorbance unit
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APPENDIX 2
ESTIMATION OF DIFFUSIVITIES IN POROUS MATERIALS
The diffusion of a ccmpound impregnated in porous solid
to surrounding liquid is analogous to the drying of wet porous
solids. Equations dealing with the diffusion calculations of
the latter case were developed (Newman, 1931). These equations
were developed for various shapes, namely, slab, cylinder, and
spherical. They were integrated to give average liquid concen-
trations as a function of drying time. The integrated equations
are expressed graphically in Figure 68 . The ordinate repre-
sents the dimensionless concentration variable E, which is de-
fined as:
E = (Ct- C I)/CCS)
where Ct = average liquid concentration at time = t, g/l
C = liquid concentration at the surface of the solid,
g/l
C1  = initial average liquid concentration at time = 0,
g/l
The abscissa represents a non-dimensional time variable F, which
is defined as:
F = D t/a 2
e
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Figure 68
THE TIME PROFILES OF DIFFUSIONAL LOSS OF MATERIAL
FROM POROUS SOLIDS OF THREE DIFFERENT SHAPES
(Newman, 1931)
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where D = the diffusivity of liquid in the solid, cm2 /sec
t = the time, sec
a = characteristic length, radius or half-thickness,
cm
From these solutions, the diffusivity of a compound in
the porous solid could be calculated by knowing the concentra-
tions involved in defining factor E at noted time periods and
the characteristic length of the solid. These solutions could
also be applied to the loss of a compound from porous solids to
a surrounding solution. It was based on this analogy that the
gel diffusivities of glucose, ethanol, butyric acid and butanol
were evaluated.
However, there were two difficulties involved in this
method. Firstly, the concentrations of these compounds in the
gel could not be measured accurately using GC and enzymatic
methods. Secondly, the concentration of the diffusing compound
on the solid surface is also difficult to monitor. To overcome
these two obstacles, radioactive species of the interested com-
pounds were used. This application offered two advantages. The
average concentration of the labelled compounds in the gel could
be monitored by counting the radioactivities of the gel bead
using a liquid scintillation counting procedure. The high sen-
sitivity of this detection method allowed the use of a small
volume of gel in a large volume surrounding solution. In this
case, the surface concentration of the diffusing compound, which
-388-
was equivalent to its bulk solution concentration, was practic-
ally zero when compared to the other concentrations in the gel.
This assumption reduces the factor E to Ct I/C. Therefore, the
diffusivity of the compound can be found by knowing Ct, C1 , t
and a.
A sample calculation using results from the 14C-glucose
experiment is presented below:
Initial glucose concentration in gel beads
Radioactivity of 10 gel beads (0.29 ml) = 18,632 cpm
Equivalent glucose concentration in gel = 67.5 g/l
Glucose concentration in gel at t = 120 sec.
Radioactivity of 10 gel beads (0.29 ml) = 10,120 cpm
Equivalent glucose concentration in gel = 36.7 g/l
At t = 120 sec., E = 36.7/67.5 = 0.544. From Figure 68 , F =
0.025 when E = 0.544. From volume measurement of beads, the
radius of the beads is 0.19 cm
diffusivity of glucose = F x a2 /t = 7.56 x 10-6 cm 2 /sec
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APPENDIX 3
COMPUTER PROGRAMS AND VALIDATION OF PRODUCT
INHIBITION MODEL
A.3.1. Subroutines from NAG
The following pre-packaged subroutines were used in the
mathematical analyses. They are supplied by NAG, and their re-
spective purposes are listed below:
(1) D01AJF is a general-purpose integrator which calcu-
lates an approximation to the integral of a function F(x) over a
finite interval (A,B):
B
I F(x) dx
A
(2) D01GAF integrates a function which is specified
numerically at four or more points, over the whole of its spe-
cified range, using third-order finite-difference formulae with
error estimates, according to a method due to Gill and Miller.
(3) D02EBF integrates a stiff system of first-order or-
dinary differential equations over a range with suitable initial
conditions, using a variable-order, variable-step Gear method,
and returns the solution at points specified by the user.
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(4) D02EGF integrates a stiff system of first-order or-
dinary differential equations over a range with suitable initial
conditions, using a variable-order variable-step Gear method, un-
til a specified component attains a given value.
(5) E02AEF evaluates a polynomial from its Chebyshev-
series representation.
(6) E04FDF is an easy-to-use algorithm for finding an
unconstrained minimum of a sum of squares of M nonlinear func-
tions in N variables (M > N). No derivatives are required.
It is intended for functions which are continuous
and which have continuous first and second derivatives (although
it will usually work even if the derivatives have occasional dis-
continuities).
A.3.2. Program Listings
Three main programs were used in the mathematical analy-
ses and they were coded in FORTRAN language:
(1) IMCINT (IMmobilized Cell analysis by INTegration)
was used to evaluate the asymptotic solutions by integration.
Two subroutines were used, and they were: D01AJF (from NAG) and
QS. The listing of IMCINT and QS are shown in Table 15.
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(2) IMCIVG (IMmobilized Cell analysis by Initial Value
Problem method using Gear method) was used to calculate the ini-
tial-value-problem solutions using D02EGF. The profiles of the
concentrations and metabolic activities were calculated using
D02EBF. The subroutine DERVZ was provided for the differential
equation evaluation. For z = 0, the equation was expressed as:
d2Y3
S a2  h 2 T /3
d 2 s s
z
which was arrived at by Taylor expansion of the second deriva-
tive and taking the limit of z to approach zero. Subroutine
PROFIL was used to calculate the intraparticle profiles to in-
clude the product concentrations and their metabolic activities.
CALQP called from PROFIL evaluate the individual productivities
for butanol and butyrate given the growth rate using the
Chebyshev polynomial approximations. The listings of IMCIVG
DERVZ, PROFIL and CALQP are shown in Table 16.
(3) IMCSS (IMmobilized Cell Fermentations at Steady
States) was used to simulate the steady state results of an
immobilized cell fermentor. E04FDF was used to solve for ri,
m and Y 3a simultaneously. The other subroutines provided in-
cluded: LSFUN1, INTG, MUQS, QSI and QSA. The functions of
these subroutines are listed in their listing shown in Table
17.
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In the above programs, a special factor, Y3/3 + KD)
was used to multiply the growth rate expression involving the
product concentrations, Y1 and Y2. KD was set to equal 1 x
10 . This was done to provide stability to the mathematical
system at growth rate near zero. The factor changes the growth
rate very slightly at Y3 greater than zero, which was usually
the case in all the calculations.
A.3.3.
In this thesis, the product inhibition on the cell
growth was expressed by a collective model incorporating the
individual effects of the two main groups of compounds, bu-
tanol/butyrate and acetate. The model shown below was con-
structed from inhibition studies using batch fermentations:
0.10 x PB
= 1 - 10 xP B}. exp (- 0.0096 PA~}
To examine the validity of this model, the equation
was solved for PA and PB at different values of p. The result-
ing values for PA and PB are plotted in Figure 69 as solid lines.
Also shown in the figure are the experimental results of PA and
PB obtained during continuous fermentation of the microorganism
supplied with excess nutrients. Since the two sets of values
agreed with each other closely, no parametric optimization was
performed for the product inhibition model.
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Figure 69
THE COMPARISON OF THE BUTANOL/BUTYRATE AND ACETATE
CONCENTRATIONS OBTAINED EXPERIMENTALLY AND BY THE
PREDICTION OF THE PRODUCT INHIBITION MODEL. EXPE-
RIMENTAL RESULTS FOR CONTINUOUS FERMENTTION ARE
REPRESENTED BY THE FOLLOWING SYMBOLS: BUTANOL/
BUTYRATE (A) AND ACETATE (V).
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Table 15
COMPUTER PROGRAM LISTINGS FOR IMCINT AND QS
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CCCCC PROGRAM NAME: IMCINT ( IMMOBILIZED CELL PROBLEM BY INTEGRATION TO I
CCCCC OBTAIN THE ASYMPTOTIC SOLUTION) I
CCCCC THIS PROGRAM CALCULATES THE ASYPMTOTIC SOLUTION TO THE EQUA- I
CCCCC TION (9) IN THE TEXT OF' THIS THESIS I
CCCCC I
CCCCC HOUSEKEEPING SECTION I
CCCCC I
IMPLICIT REAL*8 (A-H,K,O-Z) I
DIMENSION DE(3),DELTA(2),BETA(4),RHO(2),GAMMA(2), I
+ W(2000),Y(2),IW(260) I
COMMON AH2,Y3A,BETA,DELTA,GAMMA,RHO I
EXTERNAL OS I
DATA DE/4.3,4.7,2.8/ I
M
M
M
M
M
M
M
M
M
M
M
M
M
CCCCC IM
CCCCC SECTION TO EVALUATE THE CONSTANTS FOR GROWTH RATE CALCULATION IM
CCCCC IM
210 WRITE(5,1000) IM
READ(5,*)SF IM
WRITE(5.1001) IM
READ(5,*)DELTA(i),DELTA(2) IM
KD=0.OO1 IM
DO 10 1=1,2 IM
GAMMA(I)=DELTA(I)*DE(3)/DE(I) IM
RHO(I)=DE(I)/DE(3) IM
10 CONTINUE IM
BETA(i)=1.0/SF IM
BETA(2)=0.i IM
BETA(3)=180.0/SF IM
BETA(4)=-0.0096*SF IM
CCCCC IM
CCCCC SECTION TO EVALUATE THE MINUMUM POSSIBLE Y3A IM
CCCCC IM
Y3AM=1.0-BETA(3)/(DELTA(i)*(I.O+BETA(2)))
WRITE(5.1010)Y3AM
READ(5,*)Y3AI
WRITE(5,2OOO)SF
WRITE(5,2001)DELTA(1),DELTA(2)
WRITE(5,2003)
Y3A=Y3AI
100 CONTINUE
Y3C=Y3A+RHO(1)*(1.0-Y3A)-BETA(3)/(GAMMA(1)*(1.O+BETA(2)))
IF(Y3C.LE.O.0) Y3C=0.0
CCCCC SECTION TO CALCULATE THE GR AND OS AT Y3A
YiA=DELTA(i)*(I.0-Y3A)
Y2A=DELTA(2)*(I.O-Y3A)
YIAM=BETA(3)/(i.O+BETA(2))
A1=Y3A/(Y3A+BETA(1))
B1=(I.0-BETA(2)*YIA/(BETA(3)-Y1A))
CI=DEXP(BETA(4)*Y2A)
GRA=0.4*AI*BI*Ci
IF(Y1A.GT.Y1AM) GRA=0.0
OSA=GRA*(2.7/(GRA+KD)+32.0)
It
It
It
I1
It
It
Ii
It
It
TI
It
It
Ii
It
It
TI
It
II
TI
It
M
M
M
M
M
M
M
M
M
M
M,
M,
M,
4,
4,
M,
M
M
M,
M'
COOO10
C00020
C00030
C00040
C00050
C00060
C00070
COOOBO
C00090
COO 100
COOl 10
COO 120
COO 130
COO 140
COO150
COO160
COO170
COO I8o
COO 190
COO200
C00210
C00220
C00230
COO240
C00250
COO260
C00270
COO280
COO290
COO300
C003 10
C00320
COO330
C00340
C00350
C00360
C00370
COO380
C00390
COO400
COO4 10
C00420
C00430
C00440
C00450
COO460
C00470
C00480
C00490
COO500
COO510
COO520
CCCCC IMC00530
CCCCC SECTION TO SET UP CONSTANTS FOR THE INTEGRATION ROUTINE IMCOO540
CCCCC IMCO0550
A-Y3C IMCO0560
B=Y3A IMC00570
EPSABS=. 0 IMC00580
EPSREL=1.OD-06 IMC00590
LWw2000 IMCOO600
LIW=260 IMCOO610
IFAIL-1 IMC00620
CALL DO1AF(QS,A,B,EPSABSEPSREL,ANS,ABSERR,W,LW,IW,LIW,IFAIL) IMC00630
IF(IFAIL.NE.0)GO TO 990 IMC00640
IF(ANS.LT.O.0) GO TO 991 IMC00650
ANSi=ANS*2.0/OSA IMC00660
HSI-3.0*DSQRT(ANSI) IMC00670
Table 15 (continued)
CCCC
CCCC
CCCC
C
C
C
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OUTPUT AND TERMINATION SECTION
WRITE(5,2010)Y3AY3C.QSA,ANS.ABSERRHSI
Y3A=Y3A+0.05
IF(Y3A.GE.1.0) GO TO 992
GO TO 100
991 WRITE(5,2091)
GO TO 992
990 WRITE(5,2020)IFAIL
992 WRITE(5,2060)
READ(5,*)IGO
GO TO(999,210),IGO
IMC00680
IMCO0690
IMC00700
IMC0O710
IMC00720
IMC00730
IMC00740
IMC00750
IMCOO760
IMC00770
IMC00780
IMC00790
IMCOO800
999 STOP IMCOO810
CCCCC IMC00820
CCCCC FORMAT SECTION IMC00830
CCCCC IMCO0840
1000 FORMAT(' ENTER:SF'o') IMC00850
1001 FORMAT(' ENTER: DELTAi, DELTA2') IMCOO860
1010 FORMAT(' ENTER: Y3AI (MIN. VALUE ',DO10.4,')') IMC00870
2000 FORMAT(/' SF=',DIO.4) IMC00880
2001 FORMAT(' DELTA1=',DIO.4,2x,'DELTA2=',DiO.4) IMCO0890
2003 FORMAT(//5X,'Y3A',9X,'Y3C',9X,'QSA',9X,'INT',9X,'ERR',9X,'HSI') IMCOO900
2010 FORMAT(iX,6(D1O.4,2X)) IMCOO910
2020 FORMAT(' IN DO1AJF. IFAIL= '.12) IMC00920
2060 FORMAT(/' ENTER: IGO(I=STOP; 2=NEW VARIABLES)') IMC00930
2091 FORMAT(' NEGATIVE VALUE OF THE INTEGRAND OBTAINED1') IMC00940
END IMCO0950
CCCCC PROGRAM NAME OS 0S
CCCCC THIS SUBPROGRAM CALCULATES THE SPECIFIC GLUCOSE CONSUMPTION OS
CCCCC RATE OF IMMOBILIZED C ACETOBUTYLICUM IN SPHERICAL BEAD FOR OS
CCCCC A GIVEN GLUCOSE CONCENTRATION IN THE BEAD AND THAT THE 0S
CCCCC FEED GLUCOSE CONCENTRATION IS 1.0 0S
CCCCC OS
FUNCTION OS(X) OS
IMPLICIT REAL*8(A-HK,O-Z) OS
DIMENSION BETA(4),DELTA(2),GAMMA(2),RHO(2) OS
COMMON AH2,Y3ABETA,DELTAGAMMA,RHO OS
KD=0.001 OS
YI=GAMMA(1)*(Y3A-X)+DELTA(1)*(1.0-Y3A) OS
Y2=GAMMA(2)*(Y3A-X)+DELTA(2)*(I.0-Y3A) OS
YIM=BETA(3)/(I.0+BETA(2)) OS
A=X/(X+BETA(1)) 0S
B=(1.O-BETA(2)*Yi/(BETA(3)-Y1)) 0S
C=DEXP(BETA(4)*Y2) 0S
GR=0.4*A*B*C QS
IF(Yi.GT.Y1M)GRwO.0 0S
OS=GR*(2.7/(GR+KD)+32.0) OS
RETURN OS
END 0S
00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
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Table 16
COMPUTER PROGRAM LISTINGS FOR IMCIVG, DERVZ,
PROFIL AND CALQP
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CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
PROGRAM NAME: IMCIVG (IMMOBILIZED CELL PROBLEM BY INITIAL VALUE
ODE TECHNIQUE)
THIS PROGRAM SOLVES THE EQUATION (9) OF THIS THESIS BY USING
THE GEAR'S METHOD WHICH WAS PROVIDED THROUGH THE MIT COMPUTER
SERVICE AS SUBROUTINES (DO2EGF AND DO2EBF)
CCCCC HOUSEKEEPING
IMPLICIT REAL*8 (A-H,KO-Z)
DIMENSION DE(3),DELTA(2),BETA(4),RHO(2),GAMMA(2),
+ W(2,24),Y(2),ZSOLN(2),X(25),YPRO(3,25),RATE(3,25),
+ RB1(21),RB2(21),XINT(21)
COMMON AH2,Y3A,BETADELTAGAMMARHO /PRO/SIZE,XYPRO,RATE.IP
EXTERNAL DERVZ,PROFILPEDERV
DATA DE/4.3.4.7.2.8/
CCCCC
CCCCC
210
SECTION TO ENTER OPERATIONAL VARIABLES
WRITE(5,1000)
READ(5,*)SF
WRITE(5, 1001)
READ(5,*)DELTA(1),DELTA(2)
KD=0.001
CCCCC IM
CCCCC SECTION TO EVALUATE THE CONSTANTS FOR GROWTH RATE CALCULATION IM
DO 10 I=1,2 IM
GAMMA(I)=DELTA(I)*DE(3)/DE(I) IM
RHO(I)=DE(I)/DE(3) IM
IMCOOO 10
IMCOOO20
IMCOOO30
IMCOOO40
IMCOOO50
IMCOOO60
IMCOOO70
IMCOOO80
IMCOOO90
IMCOO100
IMCOO110
IMCOO120
IMCOO130
IMCOO140
IMCOO150
IMC00160
IMCOO170
IMCOO180
IMCOO190
IMCOO200
IMCOO2i0
C00220
C00230
C00240
C00250
C00260
10 CONTINUE IMC00270
BETA(I)=1.0/SF IMCOO280
BETA(2)=0.10: IMC00290
BETA(3)=180.O/SF IMC00300
BETA(4)=-0.0096*SF IMCOO3IO
CCCCC IMC00320
CCCCC SECTION TO EVALUATE THE MINUMUM POSSIBLE Y3A IMC00330
Y3AM=1.0-BETA(3)/(DELTA(1)*(1.O+BETA(2))) IMC00340
200 WRITE(5,1010)Y3AM IMC00350
READ(5,*)Y3A IMC00360
Y3CM=Y3A+RHO(1)*(i.0-Y3A)-BETA(3)/(GAMMA(1)*(1.O+BETA(2))) IMC00370
220 IF(Y3CM.LE.0.0) GO TO 70 IMCOO380
CCCCC IMC00390
CCCCC SECTION TO ENTER THE GUESS VALUES FOR Y3C AND AH2 IMCOO400
WRITE(5.2090)Y3CM IMCOO410
READ(5,* )ALPHAAH2 ' IMC00420
Y3C=Y3CM*(i.O+ALPHA) IMC00430
GO TO 80 IMC00440
70 Y3CM=0.0 IMC00450
ALPHA=O.0 IMCOO460
WRITE(5,2080)Y3CM IMC00470
WRITE(5,1020) IMCOO480
READ(5,*)Y3CAH2 IMC00490
80 CONTINUE IMCOO500
WRITE(5.1030) IMCOO510
READ(5,*)ZENDlT1,IT2 IMC00520
WRITE(5, 2000)SF IMC00530
WRITE(5,2001)DELTA(1),DELTA(2) IMC00540
WRITE(5,2004)Y3A.Y3CALPHA IMC00550
CCCCC IMC00560
CCCCC SECTION TO SET UP CONSTANTS FOR DO2EGF IMC00570
IN=i IMC00580
DO 100 I=IT1,IT2 IMCO0590
ZO=0.0 IMCO0600
N=2 IMCOO610
Z=ZO IMC00620-
Y(1)=Y3C IMC00630
Y(2)=O.0 IMC00640
VAL=Y3A IMC00650
HMAX=0.0 IMC00660
M=1 IMC00670
IFAIL=0 IMCOO680
TOL10.0**(-I) IMC00690
Table 16 (continued)
-400-
WRITE(5,2010) TOL IMCOO700
CALL DO2EGF(ZZEND,N,Y,TOL,HMAX,M,VALDERVZ,W,24,IFAIL) IMCOO710
WRITE(5,2020)IFAIL IMC00720
IF(IFAIL.NE.O)GO TO 999 IMC00730
IF(TOL.LT.O.0)GO TO 20 IMC00740
ZSOLN(IN)=Z IMCOO750
WRITE(5.2030)Z IMC00760
IN=IN+1 IMC00770
100 CONTINUE IMC00780
DIFF=ZSOLN(i)-ZSOLN(2) IMC00790
IF(DABS(DIFF).GT.1.OD-04) GO TO 990 IMCOO800
H=Z*DSQRT(AH2) IMCOO810
ETA=3.0*Y(2)/(AH2*Z) IMC00820
WRITE(5,2040)Z,H.ETA IMC00830
CCCCC IMCOO84O
CCCCC OPTION TO PRINT THE PROFILES OF THE COMPONENTS IN THE BEAD IMC00850
WRITE(5,3000) IMCOO860
READ(5,*)IPRINT IMC00870
GO TO(30,300),IPRINT IMCOO880
300 CONTINUE IMCOO890
Z=0.0 IMCOO900
ZEND=ZSOLN(2)*1.000001 IMCOO9io
Y(i)=Y3C IMC00920
Y(2)=0.0 IMC00930
IR=O IMC00940
MP=O IMC00950
SIZE=ZSOLN(2)/20.0 IMC00960
IP=1 IMC00970
IFAIL=O IMC00980
CALL DO2EBF(Z,ZEND,NY,TOL,IR,DERVZ,MP,PEDERV,PROFIL,W,20,IFAIL) IMC00990
IF(IFAIL.NE.O.0)GO TO 800 IMCOI000
IF(TOL.LT.O.0)GO TO 20 IMCOIi0
CCCCC IMCO1020
CCCCC SECTION TO WRITE THE PROFILES IMCOiO3O
WRITE(5,8100) IMC01040
DO 310 I=1,21,2 IMC01050
WRITE(5,8200)X(I),(YPRO(J,I),J=1,3) IMCO1060
310 CONTINUE IMCOiO7O
WRITE(5,8300) - IMCOIO80
DO 320 I=1,21,2 IMCO1090
WRITE(5,8400)X(I),(RATE(J.I),J=1,3) IMCO1fOO
320 CONTINUE IMCO1110
DO 330 1=1,21 IMCO1120,
XINT(I)=X(I) IMC01130
IMCO1140
RB1(I)=X(I)*X(I)*RATE(1,I) IMCO1150
RB2(1)=X(I)*X(I)*RATE(2,I) 1MCO1160
330 CONTINUE INCO1170
CCCCC IMCO1180
CCCCC INTEGRATION TO GET THE AVERAGED PRODUCTION IN THE BEAD IMCOI190
IFAIL=O 1MC01200
CALL DOiGAF(XINT,RBI,21,ANSBIERRIIFAIL) IMCOI2IO
IF(IFAIL.NE.0) GO TO 888 IMC01220
CALL DOIGAF(XINT,RB2,21,ANSB2,ERR2,IFAIL) 1MC01230
IF(IFAIL.NE.0) GO TO 888 IMC01240
SELEC=ANSB1/ANSB2 IMC01250
WRITE(5,8500) ANSBIANSB2,SELEC 1MC01260
GO TO 30 IMC01270
990 WRITE(5,2050)ZSOLN(1),ZSOLN(2) IMC01280
GO TO 30 IMC01290
800 WRITE(5,B000)IFAIL IMC01300
GO TO 30 IMCO13IO
20 WRITE(5,2070) 1MC01320
30 WRITE(5.2060) IMC01330
READ(5, * )IGO IMC01340
GO TO(999,220,200.210),IGO IMC01350
888 WRITE(5,8888)IFAIL IMCO1360
999 STOP IMC01370
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Table 16 (continued)
CCCCC FORMAT SECTION IMC01380
1000 FORMAT(' ENTER: SF') IMC01390
1001 FORMAT(' ENTER: DELTAI.DELTA2') IMCO1400
1010 FORMAT(' ENTER: Y3A (*IN. VALUE ',D10.4,')') IMCO1410
1020 FORMAT(' ENTER: Y3C,AH2') IMC01420
2000 FORMAT(/' SF=',DO10.4) IMC01430
1030 FORMAT(' ENTER: ZEND,1Ti,IT2 FOR DO2EGF') IMC01440
2001 FORMAT(' DELTAi=',DIO.4,2X,'DELTA2=',D10.4) IMC01450
2004 FORMAT(' Y3A=',D10.4,2X,'Y3C',D10.4,2X'ALP4A-',D10.4) IMC01460
2010 FORMAT(/' TOL= ',DIO.4) IMC01470
2020 FORMAT(' IFAIL= ',12) IMCO1480
2030 FORMAT(' Z = ',D10.4) IMC01490
2040 FORMAT(/' Z=',D1O.4,2X,'H=I',DIO.4,2X,'ETA=',DIO.4) IMCO1500
2050 FORMAT(' DIFFERENCE BETWEEN Z(1)= '.D10.4,' AND Z(2)=',D1O.4,'IS TIMCO151O
+00 LARGE TO BE ACCEPTABLE') IMC01520
2060 FORMAT(//' ENTER: IGO(1=STOP; 2NEW V3C; 3-NEW Y30, 4=NEW SI ETC.)IMCO1530
+') IMCO1540
2070 FORMAT(' TOL CHANGED SIGN ') IMC01550
2080 FORMAT(' Y3CM= '.D10.4) IMC01560
2090 FORMAT(' Y3CM= ',010.4/' ENTER: ALPHA, AH2') IMC01570
3000 FORMAT(' ENTER: IPRINT (I- NO PROFILE, 2=PROFILE EVALUATION)') IMCO1580
8000 FORMAT(' ERROR IN SUBROUTINE DO2EBF, IFAIL=',I2) IMCO1590
8100 FORMAT(//' CONCENTRATION PROFILES:'/5X,'X',10X,'Y1',1OX, IMCOi600
+'Y2',IIX,'Y3') IMCO1610
8200 FORMAT(4(D10.4,2X)) IMCO1620
8300 FORMAT(/' ACTIVITY PROFILES:'/5X,'X',IOX,'QBI',9X,'082',IIX,'GR') IMC01630
8400 FORMAT(4(D10.4,2X)) IMCO1640
8500, FORMAT(/2X,'ANSB1=',D10.4,2X,'ANSB2=',D10.4,2X,'SELEC-'. IMC01650
+D10.4) IMCO1660
8888 FORMAT(/' ERROR IN DOIGAF, IFAIL=',I2) IMCO1670
END IMC01680
CCCCC PROGRAM NAME: DERVZ DEROOO 10
CCCCC THIS SUBROUTINE DESCRIBES THE EQUATION (9) TO BE SOLVED DER0020
CCCCC BY NUMERICAL METHOD. THE ORIGINAL 2ND ORDER EON. HAS BEEN REDUCED DERO0030
CCCCC TO A 1ST ORDER EQN. BY USING Y(1), AND V(2) DEROOO40
SUBROUTINE DERVZ(Z,Y,1f) DERO0O50
IMPLICIT REAL*8(A-HK,O-Z) DEROOO60
DIMENSION Y(2),F(2),BETA(4) ,GAMMA(2),RHO(2) DEROOO70
COMMON AH2,Y3A,BETA.DELTA,GAMMA,RHO DEROOO80
PHI=QS(Y(1))/0S(Y3A) DEROOO90
F(1)-Y(2) DEROO100
IF(Z.EO.O.0)GO TO 10 DEROOi10
F(2)=AH2*PHI-2.O*Y(2)/Z DEROO120
RETURN DEROO130
10 F(2)=AH2*PHI/3.0 DER00140
RETURN DERO0150
END DEROO160
Table 16 (continued) -402-
CCCCC PROGRAM NAME: PROFIL PROO0010
CCCCC THIS PROGRAM IS USED TOGETHER WITH THE DO2EBF TO PROVIDE PROOOO20
CCCCC COMPONENT PROFILES FOR THE IMMOBILIZED CELL PELLET PROO0030
SUBROUTINE PROFIL(2,Y) PROO0040
CCCCC PROO0050
CCCCC HOUSEKEEPING PROO0060
IMPLICIT REAL*8 (A-H,K,O-Z) PROOOO70
DIMENSION BETA(4),DELTA(2),GAMMA(2),RHO(2),0(2),Y(2),X(25), PROOOO80
+ YPRO(3,25),RATE(3,25) PROOOO90
COMMON AH2,Y3A,BETADELTA.GAMMA,RHO /PRO/ SIZE,X,YPRO,RATE,IP PROOO100
CCCCC SET UP X VARIABLE RANGING FROM 0 TO I PROOO110
X(IP)=DFLOAT(IP-1)/20.0 PROOO12O
CCCCC PROOO130
CCCCC CALCULATION OF THE BUTANOL AND BUTYRATE CONC. AND GROWTH RATE,XR PROO0140
Y3=Y(1) PR000150
YI=GAMMA(1)*(Y3A-Y3)+DELTA(1)*(1.O-Y3A) PROO0160
Y2=GAMMA(2)*(Y3A-Y3)+DELTA(2)*(1.0-Y3A) PRD0017O
A=Y3/(Y3+BETA(1)) PROOOISO
B=1.0-BETA(2)*Yi/(BETA(3)-YI) PROO0190
C=DEXP(BETA(4)*Y2) PROO0200
XR=0.4*A*B*C PROO0210
IF(XR.LE.O.)GO TO 10 PROO0220
CALL CALQP(XR,Q) PROO0230
GO TO 20 PROO0240
10 0(1)=0.0 PROO0250
0(2)=0.0 PROO0260
XR=0.0 PROO0270
20 CONTINUE PROOO280
CCCCC PROO0290
YPRO(1,IP)=Y1 PROO0300
YPRO(2,IP)=Y2 PROOO310
YPRO(3,IP)=Y3 PROO0320
RATE(1,IP)=Q(1) PR000330
RATE(2,IP)=Q(2) PROO0340
RATE(3,IP)=XR PROO0350
CCCCC PR000360
Z=SIZE*DFLOAT(IP) PROO0370
IP=IP+1 PROOO380
RETURN PR000390
END PROO0400
CCCCC PROGRAM NAME: CALOP CALOOO10
CCCCC SUBROUTINE TO CALCULATE THE SPECIFIC RATES OF CLOSTRIDIUM CALOOO20
CCCCC ACETOBUTYLICUM WITH RESPECT TO THE PRODUCTION OF BUTANOL CALOOO30
CCCCC AND BUTYRATE GIVEN THE GROWTH RATE OF THE CULTURE. THE CALOOO40
CCCCC ESTIMATION IS ACHEIVED BY USING THE CHEBYSHEV POLYNOMIALS CALOOO O
CCCCC RELATION BETWEEN THE OP'S AND GROWTH RATE OBTAINED FROM CALOOO60
CCCCC CONTINUOUS FERMENTATIONS. CALOOO70
CCCCC THE SPECIFIC RATES ARE RETURNED TO THE MAIN PROGRAM CALOOO80
CCCCC IN THE FOLLOWING MATRIX: CALOOO90
CCCCC Q(1)=QPI (BUTANOL) CALOO100
CCCCC Q(2)=QP2 (BUTYRATE) CALOO110
CCCCC CALOO12O
SUBROUTINE CALOP (XR,Q) CALOO13O
CCCCC CALOO14O
CCCCC HOUSEKEEPING CALOO150
IMPLICIT REAL*B (A-H,K,0-Z) CALOO160
DIMENSION COEFi(5),COEF2(5),0(2) CALOO170
CCCCC CALOO180
CCCCC ENTER PARAMETERS FOR POLYNOMIAL FUNCTIONS OF SPECIFIC RATES CALOO190
DATA COEFi/3.112,-0.3467,-I.253,0.6659,0.3469/,COEF2/7.524, CALOO200
+4.307,0.4365,-0.8637.-0.3652/ CALOO210
KD=1.OD-04 CALOO220
CCCCC CALOO230
CCCCC SECTION TO EVALUATE THE SPECIFIC RATES FROM THE POLYNOMIALS CALOO240
CCCCC SET UP VALUES OF SPECIFIC RATES NEAR MU=0 CALOO250
GR=-1.O CALOO260
IFAIL=O CALOO270
CALL EO2AEF(5,COEFi,GR.0Pi,IFAIL) CALOO28O
CALL E02AEF(5,COEF2,GRQP2,IFAIL) CALOO290
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CCCCC CALOO300
CCCCC NORMALIZE THE GROWTH RATE FOR POLYNOMIAL EVALUATION CALOO310
GR=((XR-O.0)-(0.4-XR))/0.4 CALOO320
IFAIL=O CALOO330
CALL E02AEF(5,COEFI,GR,Q(1),IFAIL) CALOO340
IF(IFAIL.NE.0)GO TO 100 CAL00350
CALL E02AEF(5,COEF2,GR,Q(2),IFAIL) CALOO360
IF(IFAIL.NE.0)GO TO 100 CALOO370
F=XR/(XR+KD) CALOO380
Q(i)=Q(i)+QPi*(F-1.0) CALOO390
Q(2)=0(2)+QP2*(F-1.0) CALOO400
RETURN CALOO410
100 WRITE(6,iOOO)IFAIL CAL00420
STOP CAL00430
CCCCC CAL00440
1000 FORMAT(' ERROR IN SUBROUTINE CALOP DURING POLYNOMIAL EVALUATION OFCAL0450
+ SPECIFIC RATES'/' IFAIL-',13,'(SEE EXPLANATION OF NAG E02AEF') CALOO460,
END CAL00470
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Table 17
COMPUTER PROGRAM LISTINGS FOR IMCSS, LSFUN1,
INTG, MUQS, QSI AND QSA
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CCCCC PROGRAM NAME: IMCSS (STEADY-STATE IMMOBILIZED-CELL REACTOR) I
CCCCC THIS PROGRAM SIMULATES THE STEADY-STATE RESULTS OF IMMOBILIZED- I
CCCCC CELL FERMENTATION OF C. ACETOBUTYLICUM BY SOLVING THREE EON. I
CCCCC RELATING THE BULK PHASE GLUCOSE CONC. (Y3A), EFFECTIVENESS FACTOR I
CCCCC (ETA), AND THE GEN. MODULUS (M). I
CCCCC UK(1)=Y3A I
CCCCC UK(3)=ETA I
CCCCC UK(3)= M I
CCCCC I
IMPLICIT REAL*8 (A-H,K,O-Z) I
DIMENSION BETA(4),DE(3),DELTA(2),GAMMA(2),UK(3),W(60),IW(1) I
COMMON /KINVAR/BETADE,DELTA.GAMMA /OPCOND/SF,D.EPSG,XG,RO I
+ /SOLN/QSFC,QSIM,GRA,GRI,XFC I
CCCCC I
CCCCC INPUT SF, FEED CONCENTRATION(REFERENCE CONC.) I
WRITE(5,1000) I
READ(5,*) SF I
CCCCC ESTABLISH THE KINETIC PARAMETERS I
100 CONTINUE I
BETA(1)=1.0/SF I
BETA(2)=0.10 I
BETA(3)=iO.0/SF I
BETA(4)=-0.0096*SF I
DE( 1)=4.3 I
DE(2)=4.7 I
DE(3)=2.8 I
WRITE(5,1003) I
READ(5,*)DELTA(1),DELTA(2) I
GAMMA(1)=DELTA(1)*DE(3)/DE(1) I
GAMMA(2)=DELTA(2)*DE(3)/DE(2) I
CCCCC I
MCOO 10
MC00020
MC00030
MC00040
MC00050
MC00060
MCOOO70
MCOOO8O
MC00090
MCOO1OO
MCOOI10
MC00120
MC0O130
MCO1Oi40
MCOO150
MC00160
MCOO170
MCOO18O
MCOO190
MCOO200
MCOO210
MC00220
MC00230
MC00240
MC00250
MC00260
MC00270
MC00280
MC00290
MCOO300
MCOO310
CCCCC OUTPUT OF PART OF THE KINETIC PARAMETERS IMCOO320
WRITE(5,200O)SF,(BETA(I),I-1,4) IMC00330
WRITE(5,2004)DELTA(1),DELTA(2),GAMMA(1),GAMMA(2) IMC00340
CCCCC IMC00350
CCCCC ESTABLISH LIMIT FOR INITIAL GUESS OF SOLUTION IMC00360
Y3AM=1.0-BETA(3)/(DELTA(1)*(i.O+BETA(2))) IMC00370
CCCCC ESTABLISH UK ARRAY IMCOO380
UK(1I)=Y3AM+0.75*(1.0-Y3AM) IMC00390
UK(2)=0.5 IMCOO400
UK(3)=1.0 IMCOO4iO
CCCCC IMC00420
CCCCC INPUT OPERATING CONDITIONS IMC00430
200 CONTINUE IMC00440
D=1.4 IMC00450
WRITE(5,1004) IMC00460
READ(5,*)EPSG,XG,RO IMC00470
WRITE(5.2010)EPSGXG,RD IMC00480
CCCCC IMC00490
CCCCC WRITE TITLE OF OUTPUT TABLE IMC00500
WRITE(5,3020) IMCOO510
300 CONTINUE IMC00520
CCCCC ITERATION WITH D VALUES IMC00530
CCCCC ESTABLISH CONSTANTS FOR CALLING E04FDF IMC00540
M=3 IMC00550
N=3 IMC00560
LIWwi IMC00570
LW=60 IMC00580
IFAIL=1 IMC00590
CALL EO4FDF(MN,UK,FSUMSO,IW,LIW,W,LWIFAIL) IMC00600
IF(IFAIL.EQ.0) GO TO 20 IMCOO610
IF(IFAIL.GE.3) GO TO 23 IMC00620
GO TO (21,22),IFAIL IMC00630
20 CONTINUE IMC00640
YiAODELTA(1)*(i.0-UK(i)) IMC00650
Y2A-DELTA(2)*(I.0-UK(1)) IMC00660
WRITE(5,3025)D,YIA,Y2A,UK(1),XFC IMC00670
WRITE(5,3026)FSUMSQ,UK(3),UK(2),QSFC,GRA IMC00680
D=D-0.2 IMC00690
IF(D.GT.O.0)GO TO 300 IMC00700
GO TO 990 IMC0710
21 WRITE(5,3021) IMC00720
GO TO 990 IMC00730
Table 17 (continued)
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22 WRITE(5,3022) IMC00740
GO TO 990 IMC00750
23 WRITE(5,3023) IMC00760
990 WRITE(5.3099) IMC00770
READ(5,*)IGO IMCOO780
GO TO (999,100,200,300,400),IGO IMC00790
400 WRITE(5,1010) IMCOOB0O
READ(5,*)UK(1),UK(2),UK(3) IMCOO810
GO TO 300 IMCOO820
999 STOP IMC00830
CCCCC FORMAT SECTION IMCOO840
1000 FORMAT(' ENTER: SF, FEED CONCENTRATION') IMCOO850
1003 FORMAT(' ENTER: DELTA1,DELTA2') IMC00860
1004 FORMAT(/' ENTER: EPSGXG,RO') IMC00870
1010 FORMAT(' ENTER: NEW GUESS FOR UK(1),UK(2),UK(3)') IMCOO880
CCCCC IMCO0890
2000 FORMAT(//' SF=',DiO.4/' BETA1=',DIO.4,2X,'BETA2=',DIO.4,2X, IMCOO900
1 'BETA3=',DIO.4,2X,'BETA4=',D10.4) IMCOO9IO
2004 FORMAT(' DELTAI=',DiO.4,2X,'DELTA2='.DIO.4,2X,'GAMMAi=',DIO.4,2X, IMC00920
I 'GAMMA2=',D10.4) IMC00930
2010 FORMAT(/'EPSG=',DIO.4,2X,'XG=',DIO.4,2X,'RO=',D10.4) IMC00940
3020 FORMAT(/' STEADY STATE RESULTS OF IMC REACTOR'/ IMCO0950
+6X,'D',IOX,'Y1A',9X,'Y2A',9X,'Y3A',9X,'XFC'/3X,'FSUMSQ',9X,'M', IMC00960
+IOX,'ETA',9X,'QSFC',BX,'GRA') IMC00970
3025 FORMAT(/5(2X,D10.4)) IMC00980
3026 FORMAT(5(2X,DiO.4)) IMCOO990
3021 FORMAT(' CHECK ALL EO4FDF PARAMS. BEFORE PROCEEDING') IMCO1000
3022 FORMAT(' RE-ENTER EO4FDF WITH LAST VARIBLES') IMCOiOiO
3023 FORMAT(' RE-ENTER E04FDF WITH NEW GUESSES OF Y3') IMCO1020
3099 FORMAT(/' ENTER: IGO(=STOP; 2=NEW KINVAR; 3-NEW OPCOND; 4=SAME UKIMCO1030
+; 5=NEW UK') IMCO104O
END IMCOiO5O
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CCCCC PROGRAM NAME: LSFUN1 (LEAST SQUARE OF FUNCTION 1; NAME OF THIS LSFOOOIO
CCCCC SUBROUTINE WAS FIXED BY THE ROUTINE E04FDF USED IN IMCSS MAIN PROGLSFOOO20
CCCCC THIS SUBROUTINE IS TO BE USED WITH E04FDF LSFOO030
CCCCC THE OBJECTIVE FUNCTION IS F(I), AND THE VARIBLES: LSFOOO40
CCCCC UK(i)= BULK PHASE GLU CONC. (EQ. YA,Y3A) LSFOOO50
CCCCC UK(2)= EFFECTIVENESS FACTOR, ETA LSFOOO60
CCCCC UK(3)= GENERALIZED MODULUS, M LSFOOO70
SUBROUTINE LSFUNI(M,N,UK,F) LSFOOOO
IMPLICIT REAL*8 (A-H,K,O-Z) LSFOOO90
DIMENSION UK(3),F(3),BETA(4),DE(3),DELTA(2),GAMMA(2) LSFOOiOO
COMMON /KINVAR/ BETA,DE,DELTA,GAMMA /OPCOND/SFD,EPSG,XG,RO LSFOO110
+ /SOLN/QSFCQSIM,GRA,GRI,XFC LSFOO120
CCCCC LSFOO130
CCCCC CALCULATION OF THE FREE CELL CONC IN THE FERMENTOR LSFOO140
QSFC=QSA(UK( i)) LSFOO150
OSIM=QSFC*UK(2) LSFOO160
CALL MUQS(QSFC,GRA) LSFOO170
CALL MUQS(QSIM,GRI) LSF0O180
XFC=EPSG*XG*GRI/(D-(I.0-EPSG)*GRA) LSFOOi90
CCCCC LSFOO200
CCCCC FIRST EQUATION: MATERIAL BALANCE FOR GLUCOSE AROUND THE FERMENTOR LSF00210
F(1)=D*(1.0-UK(1))-XFC*(1.0-EPSG)*QSFC/SF-XG*EPSG*SFC*UK(2)/SF LSF00220
CCCCC LSF00230
CCCCC SECOND EQUATION: EFFECTIVENESS FACTOR VS MODULUS LSF00240
IF(UK(3).EQ.O.O) GO TO 990 LSF00250
F(2)=UK(2)-DTANH(UK(3))/UK(3) LSF00260
CCCCC LSFOO270
CCCCC THIRD EQUATION: DEFINITION OF THE GENERALIZED MODULUSM LSF00280
IF(QSFC.EQ.O.0)GO TO 10 LSF00290
CALL INTG(UK(1),ANS) LSFOO300
HS=RO*DSORT(XG*QSFC/(DE(3)*SF)) LSFOO310
HSI=3.0*DSQRT(2.0*ANS/QSFC) LSF00320
F(3)=UK(3)-HS/HSI LSF00330
RETURN LSF00340
10 F(3)=0.O LSF00350
RETURN LSF00360
990 WRITE(6,999) LSF00370
STOP LSF00380
999 FORMAT(/' ERROR IN LSFUNI ; UK(3)=0.0') LSF00390
END LSFOO400
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
CCCCC
PROGRAM NAME: INTG (INTEGRATION ROUTINE) INTOOO10
THIS PROGRAM CALCULATES THE INTEGRAND IN THE GENERALIZED MODULUS, INTOOO20
M, USING NUMERICAL INTEGRATION ROUTINE DOIAJF INTOOO30
Y3A= BULK PHASE GLU CONC.(DUMMY VARIABLE TO BE TRANSMITTED TO INTOOO40
OSI SUBPROGRAM); YA= GIVEN BULK PHASE GLU. CONC.; INTOOO50
YC= CALCULATED EQUI. CONC. OF GLU IN THE CENTER OF BEAD. INTOOO60
SUBROUTINE INTG(YAANS) INTOOO70
IMPLICIT REAL*8 (A-H,K,O-Z) INTOOO80
DIMENSION BETA(4),DE(3),DELTA(2).GAMMA(2),W(2000),IW(260) INTOOO90
COMMON Y3A /KINVAR/BETA,DE,DELTAGAMMA INTOO100
EXTERNAL QSI INTOO110
INTOO120
CALCULATE YC, THE LOWER LIMIT OF THE INTEGRAND INTOO130
Y3A=YA INTOO140
YC=YA+DE(1)/DE(3)*(1.O-YA)-BETA(3)/(GAMMA(1)*(1.O+BETA(2))) INTOO150
INTOO160
SET UP CONSTANTS FOR CALLING THE INTEGRATION ROUTINE INT00170
EPSABS=0.0 INTOO180
EPSREL=I.OD-08 INTOO190
LW=2000 INTOO200
LIW=260 INTOO210
IFAIL=i INT00220
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CALL DOIAJF(OSI,YCYAEPSABS,EPSRELANS,ABSERR,WLWIWLIW, INT00230
+ IFAIL) INT00240
IF(IFAIL.NE.0) GO TO 990 INT00250
IF(ANS.LT.O.0) GO TO 991 INT00260
RETURN INT00270
990 WRITE(5,9990) IFAIL INTOO280
GO TO 999 INT00290
991 WRITE(5,9991)YC,YAANS INTOO300
999 STOP INTOO310
CCCCC INT00320
CCCCC FORMAT SECTION INT00330
9990 FORMAT(' ERROR IN DO1AJF, IFAIL=',I2) INT00340
9991 FORMAT(' ERROR IN INTG, FOR YC=',DiO.4,2X,'YA=',DiO.4,2X, INT00350
+ 'ANS=',DIO.4) INT00360
END INT00370
FUNCTION OSA(Y3) OSAOO10
IMPLICIT REAL*8(A-H,K.O-Z) OSA00020
DIMENSION BETA(4),DE(3),DELTA(2),GAMMA(2) OSA00030
COMMON /KINVAR/ BETA.DEDELTA,GAMMA OSAOOO40
CCCCC THIS SUBPROGRAM CALCULATES THE SUBSTRATE UTILIZATION RATE OF OSAOOO O
CCCCC THE CSTR REACTOR OF C. ACETOBUTYLICUM, QSA, GIVEN THE OSA060
CCCCC RESIDUAL SUBSTRATE CONCENTRATION, Y3, WITH AN INLET FEED CONC =1 OSA00070
CCCCC Y1= THE BUTYL-PRODUCT CONC.; Y2= ACETATE CONC. QSAOOO80
KD=0.001 OSAOOO90
GRMAX=0.4 QSAOO100
Ki=2.7 OSAOi10
K2=32.0 OSAOOi2O
Yi=DELTA(1)*(1.O-Y3) OSA00130
Y2=DELTA(2)*(1.0-Y3) OSAOO140
YiM=BETA(3)/(I.0+BETA(2)) OSAOO150
A=Y3/(Y3+BETA(1)) OSAO160
B=(1.0-BETA(2)*Y1/(BETA(3)-Y1)) OSA00170
C=DEXP(BETA(4)*Y2) QSA0O180
GR=GRMAX*A*B*C OSAOO190
IF(Y1.GT.YIM)GR=0.0 OSADO200
OSA=GR*(Ki/(GR+KD)+K2) OSAOO210
RETURN OSA00220
END OSAOO230
FUNCTION QSI(Y3) 05100010
IMPLICIT REAL*8(A-H,K,O-Z) 0S100020
DIMENSION YA(2).YI(2),BETA(4),DE(3),DELTA(2),GAMMA(2) 0SIO0030
COMMON Y3A /KINVAR/ BETADEDELTA,GAMMA OSIO0040
CCCCC THIS SUBPROGRAM CALCULATES THE LOCAL SUBSTRATE UTILIZATION RATE OFOSIOOO50
CCCCC THE IMMOBILIZED CELLS OF C. ACETOBUTYLICUM INSIDE A GEL MATRIX, 0S100060
CCCCC USING THE SURFACE CONC. OF THE SUBSTRATE AND THE DIFFUSIVITIES OSIO0070
CCCCC OF THE PRODUCTS AND THE SUBSTRATE QS100080
CCCCC YAwBULK PHASE PRODUCT CONC.; YI=LOCAL PRODUCT CONC. IN GEL 0SIOO090
KD=0.001 SI0Oi00
GRMAX=0.4 0SI00iIO
K1=2.7 5100120
K2=32.0 5100130
DO 10 1=1,2 05100140
YA(I)=DELTA(I)*(1.0-Y3A) 05100150
YI(I)=GAMMA(I)*(Y3A-Y3)+YA(I) 0S100160
10 CONTINUE 0S100170
CCCCC
tCCCC CALCULATION OF THE LOCAL GROWTH RATE
YiM=BETA(3)/(1.0+BETA(2))
A=Y3/(Y3+BETA(1))
B-(1.O-BETA(2)*YI(1)/(BETA(3)-YI(1)))
C=DEXP(BETA(4)*YI(2))
GR=GRMAX*A*B*C
IF(YI(1).GT.YiM)GR=0.0
QSI=GR*(Ki/(GR+KD)+K2)
RETURN
END
SIOQO80
05100190
OSIO0200
05100210
OS100220
OSIO0230
OSIO0240
0S100250
OS100260
0S100270
5100280
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CCCCC THIS SUBROUTINE CALCULATES THE SPECIFIC GROWTH RATE OF A MUOOO10
CCCCC CULTURE FROM THE SPECIFIC GLUCOSE CONS. RATE MUQO0O20
SUBROUTINE MUQS( QS,GR) MUQO0O3O
IMPLICIT REAL*8 (A-HK,O-Z) MUQOOO40
K1=2.7 MUQOOO50
K2=32.0 MU000060
KD=0.001 MUQOOO70
A=K2 MU000080
8=(KI+K2*KO-OS) MUQOOO90
C=-QS*KD MUQOO100
D=B*B-4.0*A*C MUQOOi10
IF(D.LT.O.0) GO TO 990 MUOOO120
GRI=(-B+DSORT(D))/(2.0*A) MUQOO13O
GR2=(-B-DSORT(D))/(2.O*A) MU000140
GR=GRI MUQOO150
IF(GR.LT.O.0)GR=GR2 MUQOO160
IF(GR.LT.O.0) GO TO 991 MUQOO17O
RETURN MUQOO18O
990 WRITE(5,90) MU00019O
90 FORMAT(' ERROR IN MUQS: COMPLEX ROOTS FOR GR OBTAINED') MUOOO200
GO TO 999 MU0OO210
991 WRITE(5,91) MU000220
91 FORMAT(' ERROR IN MUOS: BOTH ROOTS FOR GR ARE NEGATIVE') MUQOO230
999 STOP MU000240
END MUQOO250
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